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Fine Structure of the Visibility Curves of the Stationary Ultrasonic Waves. 1 
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$1. INTRODUCTION. 


Some years ago I reported on a simple 
method for the visualization of the stationary 
ultrasonic waves‘). In this method, we send 
a beam of monochromatic light, which is 
emerged from a pin-hole or a slit, and made 
parallel through a collimator lense, through 
the ultrasonic waves, and along a direction, 
parallel to the sound wave fronts. By receiv- 
ing the transmitted light on a screen, we 
obtain stripes of bright and dark bands with 
the periodicity of half wavelength of the ul- 
trasonic wave, or the image of the stationary 
ultrasonic wave. (Cf. Fig. 2). As remarked 
there, a peculiar point accompanying . this 
method of visualization is that the image of 
the sound wave does not appear equally well 
in every place, but the image appears most 
clearly at regular periodical distances behind 
the sound field. The distances D of these 
planes in which the images appear most 
clearly, measured from the plane of the 
emergence of light from the sound waves, 
are given by 


D=(2n+1)-45 (n=0, 1, 2, 8) (1) 


where A means the ultrasonic wavelength in 
the medium, and J the light wavelength in air. 
Immediately after the plane of emergence the 
image of the sound waves is usually not yet 
visible; and in the middle of each pair of 
successive positions of maximum visibility 
there are found the positions of evanescence 
of the image, the distance of which from the 
plane of emergence, including the latter being 
given by: 


D=2n4,, err eee (2) 


1()(2)3) have explained this phenomenon as 
the Fresnel diffraction of light by the ultra- 


sonic wave grating, assuming the existence of 
a phase-lattice——corrugated wave front of 
light——and the non-existence of the amplitudes 
lattice in the plane of the emergence of light 
from the sound waves; this is an assumption 
first introduced by Raman and Nagendra 
Nath) in their elementary theory on the dif- 
fraction of light by ultrasonic waves. This 
assumption corresponds to the fact that the 
sound wave is not visible. in the plane of 
emergence of light from it, as was first found 
to be true by Baer), The relations (1) and 
(2) or rather the periodicity JD=A?/A were 
found independently of me als3 by Parthasa- 
rathy‘®) in the Hiedemann’s methcd of visuali- 
zation of stationary ultrasonic waves, and a 
theoretical calculation was made also by 
Nagendra Nath™. 

The calculations of Nagendra Nath and of 
myself gave the periodic distances cf maximum 
visibility and that of the evanescence of the 
image, also for the progressive ultrasonic 
waves, when they are illuminated by inter- 
mittent light of the same frequency as the 
ultrasonic waves (high frequency strobostope). 
The periodicity in this latter case was also 
verified by experiments of Hiedemann and 
Schreuer®), 

I have also calculated the visibility curves 
of the images of the progressive and sta- 
ticnary ultrasonic waves in their positions of 
maximum visibility. According to the above 
calculation, the image shows more and more 
complicated structures with secondary maxima 
and minima, as the intensity cf the sound: 
wave increases. These fine structures of the 
image were also obtained experimentally at 
that time, but it was not possible to compare 
them with theoretical calculations, on account 
of the bad experimental conditions. Mean- 
while, a paper by Mahler‘) appeared, in which 
he reported on the measurements of the visi- 
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bility curves of progressive ultrasonic waves. 
His results are satisfactory, but his measure- 
ments are rather restricted to the cases of 
comparatively weak ultrasonic waves. He 
explained his results using Mascart’s method 
of calculating the diffracted intensities; but 
his results are readily explicable with the use 
of our formula (reference (2), second table 
on p. 343) as well, simply by putting 7 =1.5, 1.2 
and 0.3 respectively. (Cf. Nomoto and Oka‘), 
For the stationary ultrasonic waves, there is, 
as I know, no experiments concerning visibility 
curves as yet. The present paper deals with 
some experiments carried out on this subject. 


$2. VISIBILITY CURVES. 


According to my previous results‘), the 
intensity distribution of the light in the image 
of the stationary-ultrasonic wave in the plane 
of maximum visibility is given by 


f=1+ +-( o( 20008 2z 4 ) 


. Ji( 20» sin on*.)\ (3) 
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This can also be expressed in the following 
form, by suitable applications of Gegenbauer’s 
addition theorem. 
& 4n(2n+1)x 
121-25 JrouiXopeof{ =] Ga) 
In this latter form it coincides with the result 
of Nagendra Nath. In these equations, * 
means the coordinate in a direction perpendi- 
cular to the fringe, or, parallel to the direction 
of propagation of the ultrasonic wave, and 
vo= On py= Pnek (4) 
is a quantity, proportional to the amplitude 
of the phase change f, produced in the light 
beam by crossing the stationary ultrasonic 
wave. In this equation dé”, means the ampli- 
tude of periodic variation of the refractive 
index of the medium produced by the ultrasonic 
wave, L, the length of the path of the light 
in the ultrasonic wave, and 4, the light wave 
length in air. 
As the result of the former numerical cal 
culation proved to be too restricted as com 


Fig. 1. Visibility curves of the stationary ultrasonic waves 
in the plane of maximum visibility. 
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pared with the results of 
‘the present experiment, it 
is extended now to include 
the values of v,>8. For 
this purpose-we used (3a) 
instead of (3), which is, 
though naturally more 
‘simple, but inconvenient in 
this case, on account of 
the lack of the calculated 
numerical tables of J)(x) 
for detailed values of the argument x>16. 
Fig. 1 gives the calculated visibility curves, 
of which the curves for »=7, 9, 10 and 11 
are the newly calculated ones. 


$3. METHOD AND RESULTS OF THE 
EXPERIMENT AND DISCUSSIONS. 


The experimental apparatus is shown sche- 
matically in Fig. 2. An ultrasonic interfero- 
meter (1) with two parallel glass windows 
are filled with liquid and a stationary ultrasonic 
wave is produced between the oscillating 
quartz. plate (Q) and the finely movable 
reflector (R). The establishment of the sta- 
tionary wave was announced by the maximum 
complexity of the fringes at the first distance 
of maximum visibility; the observation being 
performed for this distance throughout the 
experiment. Different states of the fringe 
were obtained by varying the voltage applied 
to the quartz crystal. The ultrasonic wave- 
length is selected between about 1 and 1.5 mm. 
The results here reproduced are obtained with 
the wavelength 4=0.98mm. For longer waves 
the unfavourabie occurrence of the-striae made 
it. impossible to produce good images for higher 
ultrasonic intensities. Thus for A=1.5 mm 
we obtained good photographs only for v,S8, 
while we can reprodifce photographs for 
M=10 for A=0.98 mm. 

In our arrangement the fringes were magni- 
fied to several times by the use of an auxiliary 
lense (F) of focal length 30.8 cm, A4=5460 A 
of a mercury lamp was used as the mono- 
chromatic light source. 

The photographs reproduced in Fig. 3 are 
some of the typical ones obtained in this 

They are once more enlarged from 


manner. 
the original ones about five times. The photo- 
graphs a, b, ¢, --:--- correspond respectively 


to increasing orders of sound intensity. Fig. 
4 shows the microphotometer curves of these 
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Fig. 2. Expertmental apparatus. 


photographs. By comparing these photographs 
and their microphotometer curves with the 
theoretical curves of Fig. 2, we can recognize 
a very close analogy among them. Thus we 
can ascribe an roughly estimated value of v 
for each of the photographs of Fig. 3. These 
experimental results show thus on the whole 
a very close agreement with theory in the 
whole range of ultrasonic intensities corres- 
ponding to 0Sv 10. 

But the quantitative agreement is not so 
good as the microphotmeter curves do suggest. 
There are three points to be noticed. The 
first discrepancy is caused by the superposi- 
tion of diffused light; in order to explain the 
observed result quantitatively, we have to take 
into account an amount of diffused light as 
a general background, the quantity of which 
increasing from 0 to 20% with increasing 
intensity of the ultrasonic wave. We find, 
besides, in cases of higher ultrasonic intensities 
(v,=6), that the peaks are somewhat steepened 
and the valleys shallowed, i.e, that the 
symmetry of the heights of the peaks and 
the deptns of the valleys are lost to some 
extent. These diffused light may be due to 
some causes or the other; cne source of it 
being undoubtedly the employment of a mag- 
nifying lense (lense F in Fig. 2) in this experi- 
ment. The other reason is, perhaps, the em- 
ployment ofa slit in this experiment, for, 
asing a pin-hole as a light-source, we obtained 
results with increased symmetry. Finally, 
any slignt deviation from the position of 
maximum visibility in either direction can 
result in a steepening of the peaks and a 
shallowing of the valleys. 

But, the following, third discrepancy is the 
more essential. It concerns about the limit 
of applicability of the theory. While the 
numbers of subordinate maxima and minima 
are in complete agreement with theory, their 
shapes and positions are not necessarily in 
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Fig. 3. 


accordance with theoretical curves for greater 
values of v;(v,=7)*. This, however, is, just 
the fact to he expected when we consider 
the limit of applicability of the basic assump- 
* Moreover, it was observed that the (first) plane of 
maximum visibility came somewhat nearer to the Sound 
wave for greater values of vo(vp=7). This may be due 


to the form&tion of the amplitude lattice in the plane 
of emergence of light from the sound wave. 


(Val. 2 


Images of the stationary ultrasonic waves in the plane of maximum visibiity. 


tion on the existence of pure phase lattice of 
our theory. According to Rytov”), the pure 
phase-lattice assumption of the Raman-Nath’s 
theory on the diffraction of light by ultrasonic 


waves fails to hold unless the following three 


conditions are satisfied: ; 


vu .1 vty | : 
= 2, At <1, “9° <> Ss Gn _ 


Fig. 4. Microphotometer curves of 
the Photographs of Fig. 3. 


of which the third condition concerns on the 
linearity of the phase-lattice on v. Here the 
quantity , means the refractive index of the 
medium. In the conditions of our experiments, 
where L=-2cm, A=0.098 cm, 2=5.46 x 10-5cem. 
== 1.54, the third condition begins to fail for 
v=5.68. It may be rather by a chance that 
this somewhat arbitrary condition (5), where 
the inequality >>1 is replaced by >1/4, seems 
to give nearly a correct value for the limit 
of applicability of our theory in this case. 
At any rate we may conclude that the visibility 
curves of the stationary ultrasonic waves are 
given quantitatively well by our theory for 
the values of ultrasonic amplitudes corres. 
‘ponding te 0Sv,<6, and qualitatively well 
for 6Sv,3510, under the above mentioned ex- 
‘perimental conditions. Finally, Fig. 5 gives 
an example of a stationary ultrasonic wave 
of gradually varying igtensities along the wave 
fronts. In this photograph, which was taken 
with the employment of a pin-hole as the 
light-source, we can perceive the gradual 
change of the fine structure with the increasing 
sound amplitude very well. Thus, these fine- 
structures of ultrasonic waves may be used 
for the purposes of intensity measurement or 
the test for uniformity of the ultrasonic wave 
field under appropriate conditions. 
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Fig. 5. Stationary ultrasonic wave with gradually 
varying intensity along the wave fronts. 
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1, INTRODUCTION. 


Since Richardson’s famous work in 1901 and 
1903, thermionic constants nave been measure: 
by numerous investigators for metals an:] 
semiconductors. Especially the problems ot 
pure metals were believed to be solved. But 
the remar':ably high value of A for platinum, 
107.10 Amp/cm* deg’, which Langmuir report- 
ed, drew attention again. In spite of the 
rigorus heat treatment, DuBridge’s value‘) 
were high, i.e. ¢=6.27 volts and A=1.7-10! 
Amp/cm?* deg*®. These abnormally high values 
were considered to be due to the effect of 
adsorbed layer of oxygen molecules, but he 
could not remove the monolayer of oxygen 
by heat treatment. Van Velzer(2) measured 
the constants in various outgassing stage. 
According to his results, in the pressure lower 
than 10 mmHg, in the stage of the outgassing 
of the filament at the temperature of 1755°K 
for 12 hours and of 1917K for 15 minutes, 
A=1.8-10° Amp/cm! deg* and ¢=7.4 volts, and 
after the flashing at 1996°K for 15 minutes, 
for the first time A=170 Amp/em! deg? and 
y=5.4 volts. Thereafter Whitney) cbtained 
the low values: A=35 Amp/cm! deg? and 
9=5.32 volts by the enormously long heat 
treatment at comparatively low temperature. 

The author obtained the slight™low values 
of A and ¢ by the outgassing of compara- 
tively high temperature for long hours. Es- 
pecially the low value of ¢ is more important 
than that of A, because it is difficult to deter- 


mine the value of A by the Richardson’s line 
with high accuracy. 


2. EXPERIMENTAL APPARATUS. 


The sample is the purest one and its dia- 
meter is 0.08036 em determined by a micrometer 
and weighing. One electron collector and two 
guard rings are made from nickel plate, and 
their diameters and lengths are 2 cms. The 
tubes of five types were made, but the final 
results were obtained by one of them. The 
pumping system consists of the two parts set 
in parallel. Tie one is constructed from the 
two oil diffusion pumps set in series and the 
pump in good vacuum side is of a Hickman’s 
fractionating type and includes Octoil S oil. 
The other consists of a charcoal bulb and a 
mercury diffusion pump which was used in 
the outgassing of charcoal. During the out: 
gassing, the parts were used in turn and during 
the measurement both parts were: operated 
simultaneously. Pressure was measured by a 
Pirani gauge and an ionization gauge, of which 
sensitivity was 19°’ mmHg. Thermionic cur: 
rent was measured by the Northrup’s galvano- 
meter set at the sensitivity of 4-10-° Amp/mm. 
Collector potential was first taken from storage 
batteries, but afterwards using the circuit of a 
transformer, a rectifier and a voltage stabilizer, 
we were able to avcid large space and danger. 


3. PROCEDURES. 


The precise determination of temperature 
of filament was based on the temperature 
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heating current relation given by van Velzer(2). 
Heating current was obtained from storage 
batteries of large power and measured by the 


standard resistance and the potentiometer. 


The cleaning up of a tube is as follows: 
at first it was cleaned with dilute acid and 
alkali solutions. 
parts including a liquid air trap was con- 


tinued for 140 hours at the temperature of 


450°C in the electric furnace, and stopped when 
the vacuum of 10->~10-* mmHg was attained. 
The metallic part of the tube except filament 
was cutgassed by the induction furnace for 
10 minutes repeatedly before the outgassing 
of a filament and the measurement. 

The first stage of outgassing. The measure- 
ment ofthe filament which was not outgassed, 
revealed that thé curve of log,,zvs 1/ F was 
concave! downwards, where 7 is current and 
F is the applied electric field on the surface 
(Fig. 1). The deviation from Schottky’s law 
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was remarkable and did not saturated up to 
F=10' volt/em in the same manner like a 
composite surface. The effective surface 
force which attracts an electron toward the 
surface, deviates from the image force and its 
functional form is as follows: F=5.71-10-?/s, 
where s is the distance from the surface in 
ems. This force is enormously large compared 
to tne image force in the range of s>10-° 
ems. It is impossible to consider this field as 
the potential of a single type. It may be 
considered that the patch field attracts the 
emitted electrons and makes the large space 
charge in front of surface. This new field is 
possibly of long range. That is, this current 
is the space charge current, and probably 
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And then the baking of glass . 


tc F2/>, 

The second stage of outgassing. After the 
outgassing at 1800°K for 15 minutes, the 
Schottky’s curve was straightened but its slope 
was higher twice or three halves times than 
the theoretical value. The thermionic con- 
stants in this stage are: A=1.18-:10-* Amp/em! 
deg? and g=1.6 volts. From the low value 
of the work function, a monolayer of electro- 
positive molecules, probably hydrogen, is pre- 
sumed to exist. 

The third stage of outgassing (Fig. 2a). 
After the baking of metallic part for 90 
minutes and that of the filament at 1860°K 
for 120 hours, the vacuum of 810-5 mmHg 
was gained. But in this stage the thermionic 
current was not completely reproducible yet, 
and the Richardson's line were discontinuous 
at the temperature of 1700°K. From the 
measurement of the lower region than 1700°K, 
the thermionic constants are as follows: 
A=4,10.10° Amp/cm® deg? and ¢=5.59 volts. 
In the higher region, the measured points 
were insufficient to determine the constants, 
but the presumed value of work function was 
4,02 volts. Accordingly, at the temperature 
higher than 1700°K, the adsorbed layer, pre- 
sumably a monolayer of oxygen is considered 
to evaporate remarkably. Owing to Roberts’ 
measurement of the accommodation coefficient 
of tungsten, oxygen film was removed at 
1900°K, ana especially, as Whitney) could 
obtain the comparatively clean surface by 
the outgassing. at 1730°K, the author considers 
that it is possible to clean the surface of 
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platinum by the outgassing at the temperature 
from 1700 to 1800°K for long, long hours, if 
good vacuum can be sustained. 

The fourth stage of outgassing (Fig. 2b). 
. After the baking, i.e. at 1860°K for 140 hours, 
of the discontinuity was disappeared. And the 
attained vacuum was better than 4:10-* mmHg. 
The value of constants were A=432.5.Amp/cm* 
deg? and g=5.08 volts. These values are 
reasonable compared to DuBridge’s results. 
But the higher value of work function com- 
pared to the other metals is the evidence 
that the oxygen layer is not completely 
removed. 

The fifth stage of outgassing (Fig. 2c). 
The raising of the outgassing temperature to 
1925°K. changed the current again. After the 
final outgassing at 1860°K for 144 hours and 
at 1925°K for 12 hours, the current was stable 
and reproducible. Further baking did not 
change the current: The measured values are 
as follows: A=92.8 Amp/cm*? deg? and 
¢ =4.72 volts. 


4, DISCUSSIONS. 


As the thermionic current is the pheno- 
mencn on the surface, it is very important to 
know the true area of the surface. Especially 
A depends directly upon the true area. To this 
time Roberts concluded that the surface excess 
defined by him as the ratio of the difference 
between the true area and the apparciut area 
to the apparent area was about 10% srom the 
measurement of the accommodation coefficient 
of tungsten and Langmuir inferred that it was 
40%. Theoretically Tonks“ computed the sur 
face excess for some cases, i.e., three surfaces 
cover the base. Undoubtedly, more crystal 
surface than three can frequently cover the 
base; especially when they have less area 
than three. But it is very complicated and 
laborious to set up the Tonks’ theory on this 
factor. The author could obtain the surface 
excess for the more general case than Tonks’ 
from the different assumptions. Accor ‘ing to 


as 


> 
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it, when four surface cover the base and any 
sharp edges do not exist, the surface excess 
is about 0.11, and when more surfaces, i.e., 
thirteen surfaces cover the base, it is about 
0.47. These values are in fair agreement with 
the observed values of Roberts and of Lang- 
muir. If the lower limit of 6s-bands of 
platinum is about 13.4 eV, the transmission 
coefficient of an electron through the potential 
barrier is 0.938.°5> Adopting 4.72 eV as the 
value of work function and 9.50 eV as the 
Fermi energy at the absolute zero temperature, . 
the correction of the temperature coefficient 
of work function is 1/0.576 times according 
to Seely’s simple theory.“ If we assume the 
surface excess to be 0.10, 0.25 or 0.40, from the 
author’s observed value of A=92.8 Amp/cm!* 
deg?, we get respectively 156.0, 187.8 or 122.6 
Amp/cm'deg? for thermionic constant A. 
Although these values are in good agreement 
with theoretical value of 120 Amp/cm‘*deg’, 
we must postpone to decide whether the 
thermionic constant is 120 Amp/cm‘deg* or 
not until we can measure it for single crystal 
surface with high accuracy. But it may be 
decidedly concluded that the constant A is 
not 120 Amp/cm*deg* but enormously high or 
low value is ascribed té the contamination of 
the surface. 

In conclusion the author wishes to express 
his hearty thanks to Prof. T. Tanaka for 
kind suggestions and guidance through this 
work. 
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The investigation of carbonised tungsten, 
i.e. tungsten carbide, by means of X-rays has 
long been undertaken“), but the analysis by 
electron-diffraction of the same .has not yet 
been made. The authors have made such an 
investigation, though a very rough one, and 
wish to report a summary of it in the 
following. 

The material used in the experiment was a 
tungsten wire 0.8—1.0 mm. in diameter, whose 
surface was carbonised by placing it in an 
atmosphere of hydrogen containing benzol 
vapor and heating by passing an electric cur- 
rent tnrough it. The partial pressure of the 
benzol vapor and the temperature to which 
the wire is heated are important conditions 
in the preparation of the test-pieces. In this 
experiment, however, we did not record them, 
sufficing to note the colors of the sufaces in 
the completed test-pieces, which vary with 
the heating-temperature. These are shown in 
Table I. Test-piece X was heated only red- 
hot, while the others were all heated to a 
white glow: the temperature of carbonising 
being higher in the sequence Y, Z, A, B, C. 
These test-pieces were cut into lengths of 
2—3 mm., and fixed on the specimen holder 
of the electron-diffaction apparatus with a 
small amount of « qua-dug. The apparatus 


Table I. 
‘Lest-piece Color of -Surface 
x Black (velvety) 
Y Grayish-black 
Z Grayish-black 
A Blackish-gray 
B Whitish-gray 
White (lustrous) 
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used was a small-scale one designed by the 
author??), 

The diffraction patterns of these test-pieces 
were all uniform Debye-Scherrer rings, whose 
diffuseness and intensities varied greatly with 
each test-piece, though their radii were appro- 
ximately the same. This is illustrated in Fig. 
1, where the reciprocal 1/d of tiie spacing, 
which is proportional to the radius of the 
rings, is taken as abscissa, and the intensity 
as estimated by inspection is plotted against 
it. Further the values) of 1/d are given in 
the right-hand side of Table IL. 

As the surface of test-piece X seems to be 
covered by soot on inspection with the naked 
eye, the results obtained above are compared 
with X-ray data for graphite“). The latter 
is shown in the first line of Fig. 1 and the 
left-hand side of Table [I. The comparison 
shows that the rings ‘b’, ‘d’ and ‘f’ coincide 
well with (100), (110) and (209) respectively 
for graphite, while ring ‘a’ approximately 
coincides with (002). The rings ‘c’ and ‘e’ 
are probably the secondary and tertiary reflec- 
tions of ‘a’. The above facts make it fairly 
certain that the observed rings are due to 
graphite. According to X-ray investigation, 
the carbonised surface is known to be com- 
posed of tungsten carbide; but the present 
investigation by electron diffraction clarified 
that there exist minute crystals of graphite(® 
on the surface. It requires, however, a more 
detailed discussion to decide whether this 


‘graphite is the ordinary graphite or not. 


Fig. 1 shows that the rings obtained in this 
experiment all gave indices of the type (#k0) 
or (001). This is due to the Arnfeld™ struc- 
ture known in layer lattice crystals such as 
graphite. In this structure, it is known that 
the (#k0) ring is assymetric in intensity and 
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Table II. 
Graphite (X-ray data) | 1Jd (result of this experiment) 

Index | Int. a Vd Easy x | Y | Zz A _ ¢ 

002 vs 3379 | 0.294 ‘ x 279 | 0.278 | 0.290 | 0.275 0.277 
“ieee 213 |. > | 0469 0.469 | 0.469 0.469 0.469 
yore: He weeks | bow nae err eet ap ee ahaa 

102 f 1.80 ees: ae, Hoetien« rer 
oye it a a 0.561 | 0.564 0.564 
ee | ass | ces |. | eh eee tee 
Rosie | 1s" rout | 

110 m.s 1.23 d 0.915 084 | 0.820 0.815 a 0.818 

112 m.-S 1.16 ad efiley . 
Bfos ome |) 23s | | | 
de | > aanalie 0.858 
200 | 5 1.07 f es arta ee | 

201 f. 1.05 wa =e Os geeh ‘tier iin Al 

aii bo as | 


202 f. 1.02 


diffuses outwards. We see from Fig. 1 that are displaced slightly inwards from where} 
this assymetry is cleary present in the rings they would be expected. This implies that 
p* and ‘ad’ the spacing of the netplane (002) has expanded,, 

It is also observed, as shown in Fig. 1, that and the percentage of expansion is about! 
the positions of the rings ‘a’, ‘ce’ and ‘e’ 4.5 %. A phenomenon similar to this is known 
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in the study of carbon black<‘®)(), 

In test-piece X, the breadths of both (001) 
and (AkO) rings are nearly equal; and it is 
estimated that the minute crystals possess a 
magnitude of 10—20 A in either direction. 
As the carbonising. temperature rises, the 
breadths of the (001) rings slightly decrease, 
while in the (#RO) rings the inner sides become 
sharper. This shows that, as the carbonising 
temperature rises, the graphite crystals grow 
in a plate-like form perpendicular to the c-axis. 
This tendency is most remarkable in test-piece 
A; where the area of the plate is estimated 
to be more than 100A x100A, while its thick- 
ness is about 20A. On a further rise in 
temperature, the rings become diffuse again, 
showing that the crystals become smaller. It 
is-.commonly- known that the crystals are 
small when the temperature is low, and grows 
the more, the higher the temperature rises. 
That they become smaller again when che 
température rises further is presumably due 
to the fact that the crystals fuse into the 
basic metal at such a rate that they have no 
time to grow amply. In test-piece C, the sur- 
face possesses a metallic lustre and the diff- 
raction rings are very faint, which leads us 
to conclude that here the.surface is naked 
for the most part with. minute crystals of 
graphite adhering here and there. 

The intensity of ring ‘c’ increases with the 
temperature, attains a maximum in test-piece 
Z, and then falls off again. In Fig. 1 the 
intensity of ‘c’ in test-piece Z is shown greater 
than that of ‘a’, but as the latter lies very 
near the center, the comparison is difficult. 
Such a change of the intensity of (004) could 
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not occur in pure graphite. The cause of this 
is not clear, but it is presumably due to the 
presence of impurities in the graphite crystals, 
and it is conceivable that there is also some 
correlation with the above mentioned expan- 
sion of the (002)-spacing. 

In conclusion we express our scincere thanks 
to Professor R. Sagane for his encouragement 
throughout this work, and to Mr. T. Kuno and 
the members of the Research Laboratory of 
the Communication Apparatus Division of the 
Tokyo Shibaura Electric Co., Ltd. for providing 
the test pieces. We are also indebted to the 
members of the Electron-diffraction Society 
for many discussions and criticisms. 
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Ueber die Abnormale Rotation 
des OH MolekKvuels (IID). 


Von Hiromu WAKESIMA. 


(Eingegangen am 18 Oktober, 1946.) 


EINLEITUNG 


Im vorigen Berichte hat der Verfasser aus 
der Beziehung zwischen der Intensitaetverteil- 
ung des OH Bandes bei 3064 A und der 
Stromdichte einer Geisslerentladung durch 
Wasserdampf den Schluss gezogen, dass der 
Ursprung jeder Linien des Bandes das vom 
H;0 Molekuel dissoziert angeregte Radikal sei. 
Da man deshalb aus der Intensitaet des Bandes 
ersehen kann, wie haeufig das Radikal in 
einzelnen Rotationszustaenden bei der Disso- 
ziation auskommt, waere es die naechste Frage 
vom Bedeutung, zu sehen wie weit die Experi- 
mentalbedingung den Einfluss auf dieser rela- 
tiven Hauefigkeit hat. Wird die Temperatur 
der Entladungsroehre z. B. erhoeht, so verme- 
hren sich die H,O molekuele in hoeheren 


Schwingungs-und Rotationszustaenden und die 
angeregte Radikale aus der Dissoziation 
solcher Molekuele, verstaerkt sich dement- 
sprechend irgend einer Teil des Bandes; aus 
der Analyse dieser Aenderung waere etwas 
naeheres von der abnormale Rotation des 
Molekuels zu erblicken. Im Hinblick darauf 
hat der Verfasser die Temperatur der Entla- 
dungsroehre im weiten Bereiche geaendert und 


die Intensitaet des Bandes photometrisch 
untersucht. 
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EXPERIMENTELLS UND RESULTATE. 


In Fig 1 ist die Entladungsroehre schema--: 
tisch gezeigt. Eine Quarzroehre wird an den) 
Schliffen S, S; den Telexglasroehren gekittet,, 
die die Elektrode aus Aluminium E enthalten.,. 
Vom Schliff S, erstreckt sich ein zweiter Quarz- - 
zylinder mit einem Fenster F durch die: 
Glasroehre bis zum Ofen O. Das Licht aus; 
dem Fenster kam also von der positiven Saeule: 
mit einer gleichmaeseigen Temperatur und mit! 
einem einheitlichen Emissionszustand, ohne: 
von der Absorption des kuehleren Teiles: 
verstoert zu werden. Um die Temperatur zu) 
messen wurde ein Pt.—Pt.Rh. Thermoele-. 
ment. gebraucht. Waehrend der Entladung,, 
floss der Dampf aus dem destillierten Wassert 
dauernd durch eine Kapillare in die Roehre: 


ein und 


daraus abgepumpt. Durch den 
Waehlen von Kapillare mit passender Weite 
und dem Widerstandes angemessener Groesse 
zwischen der Entladungsroehre und dem 
Pumpe, wurde der Druck in der Roehre stets 
0.7~0.8 mmHg, der Dampffluss moeglichst 
gering gehalten, soweites die Verunreinigung 
gestattete, um der Unterschied der Temperatu 
zwischen dem Thermoelemente und den 
Dampfe klein zu halten. Der Entladungsstron 
war etwa 20mA. Zum Photometrieren wurd 
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ein Stufenkeil aus Quarz mit Pt. Ueberzug 
‘vor dem Spalte des Spektrographen gesetzt. 

Die Messung wurde wie frueher fuer Q,— 
Zweig ausgefuehrt. In Fig. 2A gibt die Ordinate 
die abgemessene relative Intensitaet Z jeder 
Linien bei 300°K, 600°K, 900°K und 1200°K, mal 
Statistisches Gewicht (2J+1), durch Intensi- 
taetfaktor 7; also die relative Anzahl der 
angeregten Radikale, in logarithmischer Skala. 
Die Abzissa gibt den Termwert einzelner 
Rotationszustaende. 

Die relative Zahl aendert sich mit der 
Temperatur auf nicht so einfacher Weise. 
Aber wohl gemerkt, die Aenderung des Teiles 
von den Laufzahlen K=13 bis 18 ist ziemlich 
einfach: Die relative Anzahl in diesem Gebiet 
verschiebt zwar in Bezug auf dem ersten 
Terme, aber die Aenderung untereinander mit 


der Temperatur ist recht klein. ‘Wenn man 
also den vier Verteilungen passende relative 
Verschiebungen in der Richtung der Ordinate 
gibt, so kann man diesen Teil in grober 
Uebereinstimmung zu bringen. Das Verhaeltnis 
der relativen Zahlen von 600°K, 900°K und 
1200°K zu 300°K wird dann in diesem Bereich 
fast 1, geht aber in kleineren und groesseren 
Rotationszustaenden auseinander. (Siehe die 
Fig. 2B). 

Wie man ersieht, aendert sich die relative 


-~Anzahl fuer K=1~12 und K=19~25 (der 


letzte gemessene Terme) mit der Temperatur 
regelmaessig, besonders fuer K=19~25 


vielmehr auf einfacher Weise. Besprechung 


der Ergebnisse. Die Thermodissoziation 
H,O7@H+0H kommt in unserem Temperatur- 
bereich nicht in Frage. Der Dissoziationsgrad 


14 lIiromu WAKESIMA. 


erreicht bei 1200°K nur die Ordnung 10-5). 
H.O Molekuel hat drei Grundfrequenz der 
Schwingung; a) v//==3600 em-', b) yi=3756 
em-}, c) 6=1595 em-'. Die entsprechende 
Energie fuer Quantenzahl v,=0 und 1 &, ea, 
Em» € nach dem Formel e=hew,2(Wi+1/2) 
sind 8.78, 19.37, 19.85, 13.47x10-* erg. Bol- 
zmannsche Verteilung in den Schwingungs- 


zustaenden des H.O Molekuels gibt die 
folgende relative Anzahl. 
Energie 

Temperatur ° Cos Er 

300°K 9.50 10,54 38.30 


a) 
ee ch a’ 600K 475 5.27 ..1.65 
900°K 3.17 ©38.54251.10 
1200°K 2.38 2.64. 0.83 

Fast alle molekuele H-O dissozieren also 
bei 200°K vom Niveau ¢, und meiste sogar 
bei 1200°K. Wenn man die Funktion, .die die 
Wahrscheinlichkeit gibt, mit welcher eine 
beliebig ausgenommene Dissoziation des HO 
in einem bestimmten Schwingungszustand ohne 
Rotation durch Elektronenstoss das angeregte 
OH Radikal in einem bestimmten Rotations- 
zustand erzeugt, kurz Dissoziationsfunktion 
nennt, koennte die Verteilung des Wertes 
(2J+1)2z ungefaehr als die Rotation des 
Wassermolekuels fuer jede Temperatur 
gestoerte D. F. vom Niveau & angesehen 
werden. Diese Temperatureinfiuss vermehrt 
oder vermindert die Rotationsenergie des OH 
nach der Drehungsrichtung des H-O um den 
Betrag, was mit der Rotationsenergie des H;O 
und die des OH ohne Stoerung waechst. Die 
Stoerung uebt deshalb abflattenden Einfluss 
auf der D. F. aus und stark temperaturab- 
haengig. 
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Die D. F. haenge im Allgemeinen vom 
Potentialfeld der Molekuele bei der Anregung 
und die Lage des zu scheidenden Atom, aber 
nicht yon der Geschwindigkeitverteilung der 
Elektronen in der Entladungsroehre ab‘). 
Waere also die Veraenderung der Verteilungs- 
kurve nur diesem Temperatureinfluss zuzusch- 
reiben, So wuerde sie hinweisen, dass die D.F. 
vom €, aus zwei Maxima habe, naemlich ein 
schmales an AK=-1~4 und ein breites an 
K=12—18. Wieweit die D.F. vom ¢,; aus drin 
beeinfliesse, steht noch offen. Naeheres wird 
an anderer Stelle diskutiert. 

Es ist mir eine angenehme Pflicht, Herrn 
Prof. Dr. T. Tanaka der Kaiserlichen Univer- 
sitaet zu Tokyo fuer das Interesse an dieser 
Arbeit und manche wertvolle Ratschlaege 
meinen besten Dank auszusprechen. Ich bin 
auch Herrn Hayakawa an der Kaiserlichen 
Universitaet zu Nagoya fuer seine wertvollen 
Diskussionen zum _ herzlichsten Dank  ver- 
pflichtet. 

Es soll hier noch hinzugefuegt werden, dass 
diese Arbeit teilweise mit Hilfe der von dem 
Unterrichtsministerium und dem Nippon 
Gakujutsu Shinkokai gestifteten Praemie zur 
Foerderung der Naturwissenschaften, ausge- 
fuehrt wurde 
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Electron-Diffraction Study on Behaviors 
of Metals deposited on Crystal 


Surfaces. 


Part I. Metals 


deposited on Galena. 


By Shizuo MIYAKE and Mieko KUBO. 


Kobayashi Institute of Physical Research, Kokubunji, Tokyo. 


(Read April 29, 1946; Received. November 26, 1946.) 


$1, INTRODUCTION. 


There are already many investigations on 
the preferred crystalline orientation of metal 
films, deposited on fresh surfaces of cleaved 
crystals by the vaporization metinod in vacuo), 
The present authors have developped a syste- 
matic study of this phenomenon by the electron 
diffraction method, for many kinds of base 
crystals and metals at varied base tempera- 
tures, in order to accumulate the experimental 
facts ample to conclude some determining 
laws, namely some regular relationships in 
this phenomenon between the lattice of the 
base crystal and of the metal, which are in 
contact with each other. 

The author previously investigated six dif- 
fernt metals deposited on the cleaved surface 
of zincblende (ZnS)®. Extending this study, 
a case of the galena crystal as the base is 
tried. Unexpectedly, however, it is found that 
the orientation of metal crystals is not the 
main process in this case. Instead, a more 
complicated phenomena, including the chemical 
reaction and the solid diffusion of metal atoms, 
is more predominant one, especially at high 
temperatures. In the present experiment an 
observation on these processes is performed 
in some detail by the electron diffraction 
method. 


$2. EXPERIMENTAL PROCEDURE. 


The heating of the sample (from room 
temperature to 500°C) and the vaporization 
of metals are carried out in the diffraction 
camera), The change of the diffraction 
pattern after the vaporization is continuously 
observed on a fluorescent screen, or by photo- 


graphs. : 
Vaporized metals now examined are copper, 


~ iron, and nickel. Vaporized quantities are 


varied from about 20A to 200A in the mean 
thickness of the deposited metal films. 

Fresh and smooth surfaces of galena here 
used are made by cleaving the crystal having 
a good nature. 


$3. EXPERIMENTAL RESULT. 


The phenomena which take place on the 
galena surface after vaporizing metal on it, 
are in general of exceedingly complicated 
nature. The diffraction pattern sometimes 
shows a very rapid change, especially at higher 
temperature, even in a period of only few 
seconds, and moreover, the surface products 
are not always simple. For the convenience 
of description, therefore, the entire process 
after the vaporization will be divided into the 
three stages as follows: 1. The inital stage. 
This corresponds to a state of the surface 
during a period of few seconds after the 
vaporization. « (Although, a$ a matter of fact, 
changes in pattern take place even during 
this interval and are sometimes tco rapid to 
be caught by photograph.) 2. The second 
stage. The pattern corresponding to the initial 
stage then generally changes its type within 
few seconds to few minutes. The second 
stage corresponds to the result of this change, 
whereby the base temperature is the same as 
in the preceding stage. 3. The third stage. 
The state on the surface always receives a 
further change, when the base temperature is 
gradually raised after the vaporization. The 
third stage. indicates the result of this after- 
ward heating. 

In the Tables I—III the surface products 
and the types of the orientations of these 
products are summarized. In fact, however, 
exceptional cases sometimes take place... Ac- 
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cordingly; it was necessary to simplify the Tables. 
fact to some extent in order to make these 


Table I. Cu 
1. The. initial stage. 
Pecapetébaee of base. State and substance. 
ee ee Se ee 

Room temperature , Amorphous-like Cu. 

100°-250°C Cu (Spot)* 

200°-300°C Pp (Spot)** and Cu (Ring) 

300°-400°C PbS (Original surface) and CugO (Spot)*** 


* Orientation: (110)Cu'{(001)PLS, (111}Cu||(110}PbS. Four possible orientations are superposing. 
%* Orientation: (001)Pbi(001)Pbs, (010)PI/(010)PbS. 
*%* Orientation: (001)Cu3®'(001) PbS, (010}CugO (010) PLS or 

(111)Cug©'(001) PLS, (410}Cug® (010) PS. 


2. The second stage. 


‘Temperature of base. State and substance. 


Roum Temp. ~-200°C No noticeable chance 


230°-300°C Pb-spots disappear while 1-5 minutes. ‘hen Cu-rings also 
disappear, leaving, behind only PbS (Original surface). 
PbS (Original surface), Unknown substance I*, and faint Cu 


\o 0" ¥ 
300°-400°C (Ring). 


* ‘Tetrazonol a= 10.92, c=12.40A, (001) 1/001) PbS; (100}1 (109}PbS 
3. The third stage. 


At the highest temperature (450°-500°C), there remains in general only the original smooth surface of 
PbS, or the roughened surface of it due to surface attacking, and sometimes the unknown substance I. 
In the intermediate temperatures the formation of CugO (Spot) and Cug® (Spot) can be detected. 


Table I. Fe. 
1. The initial stage. 
Math. uAcs assis, . 0 a ae ee 
Yemperature of ase. State and substance. 


——— ee eee 


230°-280°C Amorphous pattern or diftuse rings of Fe. Y 


300°-420°C FeS 1 (Spot* and ring) : 


FeS (Ring), FeS Ti (Spot)** 


* Orientation: Fibrous structure (101) FeS||(001) PLS 
** Orientation: (001) FeS/(001)PbS, (110)FeS}(010) PLS ; 


2. The second stage. 


Temperature of base. State and substance. 


230°-280°C 7-FeyO3*(Ring) is superposed. 7 ; 
a OE EER tg. 
¥ 300°~-420°C 7-FeO3(Sometimes FeS remains). ; 

440°-460°C t-Fe,0s (Ring or spot)**, rough surface of PbS. (In seldom 


cases FeO). 


: 
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(111) y-FezO3/' (001) PbS. (110) y-FegO, (010) PbS. 
3. The third stage. 


1, The initial stage. 


‘Temperature of base. 


—=—S————_——____. 


Rodm temperature. 


150°-200°C 


300°~450°C 


Table IIL 
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* No distinction between 7-FeOs and FesQq on account of the similar lattice of these two substances. 


At the highest temperature (450°-500°C) only 7-Fe,0s rings remain. 


Ni. 


‘State and substance. 


Ni (Diffuse ring) 


Ni (Ring)* 


Ni (Ring), Unknown sunstance II (Spot) **, 
NiSs (Ring), and NiO (Ring). 


* Generally a fibrous structure (110) Nii (00I) PbS 
** Cubic structure 2=7.74A being (001)1T!(001)Pi:S, (110)1T'(010)Pbs. 


2. The second stage. 


Temperature of base. 


Room temp. to 300°C 


300°-350°C 


BAY ~A50°C 


State and substance. 


eeaea_q“‘qwTq00—0—0—0—0— 
No noticeable change. 


Pattern becomes obscure. 


NiO (Ring), Unknown substance IT and 
PbS (Rough surface). 


3. The third stage. 
At 450°C ring-patterns of NiO or NiS, remain. 


$4. DISSCUSSION. 


Now, some remarkable phenomena in the 
observed process will be described below. 

1. The chemical reaction. At lower 
temperatures, the diffraction patterns are in 
yeneral corresponding to that of the vaporized 
metals, with or without some preferred orienta- 
tions. But at higher temperatures, there are 
many cases where the patterns due to metals 
Jo not appear, even in the initial stage. In 
shese cases, various chemical reactions readily 
ake place between metals and the galena 
surface, and very frequently the formation 
f sulphides, oxides and other unknown sub- 
stances are resulted in. 

One of the most conspicuous process among 
hem are the separation of pure lead from 
faiena. Namely, when the copper is vaporized 
m the surface, a spot pattern of lead makes 
ts appearance in the initial stage, in a tem- 
erature range 180°—300°C. In it, rings due 
© copper or cupyous oxide are generally 


overlapping on the Pb-spot pattern, but some- 
times exclusively Pb-spot appears, in the 
case where the vaporized quantity of copper 
is comparatively scanty. This type of reaction 
seems to take place instantaneously when 
copper vapor reachs the surface. The pre- 
ferred orientation of the separated lead is 
fairly perfect at first, but degenerates into 
rings soon. (Figs. la—t1b). 

Other chemical processes to be noted here 
are the formation of sulphides such as Cu.S, 
NiS: and FeS, and of oxides such as Cu.0, 
NiO, 7-Fe.0., and FeO. The formation of 
oxides is not due to residual air in th¢ diffrac- 
tion camera, since the similar reaction could 
be ascertained only in fewer cases when 
zineblende is used as the base crystal. The 
oxidation process on galena as observed seems 
to be dye to the peculiar property of this 
crystal, presumably because -it contains much 
oxygen, although whether the oxigen in it 
exists in a form of some oxides, or in an 
occluded state in lattice, is not sure. 
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a. Just after the vaporization of Cu at 310°C. 
The spots are corresponding to Pb. 
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b. Shortly after of Fig’ 1-a. The ring patcern 
corresponds to CugO and Pb, degenerated from 
Pb spot pattern of Fig. l-a. The pattern from 
PbS surface also begins to appear as the result 
of the diffusion of metals on it. 


Fig. 1. Vaporization of Cu on to Galena. 


2. The diffusion process. The spot pattern 
due to lead, which is made visible on 
vaporizing the copper, remaines itself for 
some half a minute, but the spots soon begin 
to degenerate into rings, and then these rings 
gradually fade away. Finally they disappear 
in about one or two minutes, leaving behind 
only copper rings. This phenomenon seems 
to be corresponding to the diffusion, in which 
Jead separated on the surface is absorbed into 
the crystal. (Figs. la—Ib). 

Another more amazing example of the dif- 
fusion phenomenon is shown in Figs. 2a—2ce, 
which is corresponding to the case where 
copper is vaporized on galena ‘at 220°C. At 
first the pattern of copper appears with a 
certain orientation. When the temperature is 
Taised to 275°C, spots become somewhat 


sharper, and then this copper pattern rapidly’ 
disappears. The last change completes in) 
only few seconds, leaving behind the pattern) 
of the galena surface only. This galena) 
pattern shows sharp layer-lines and fairt 
Kikuchi lines, indicating that thus recovered | 
surface is maintained unchanged, kept almostt 
the same as before the vaporization. To) 
explain such an observation, there seems to) 
be no other way than to consider it that, the: 
copper atoms are absorbed under the surface? 
during this short period by the diffusion. The: 
similar effects are more frequently observed att 
higher temperatures, but accompanying othert 
complicated chemical processes. 

Disappearance of the metal from the surface: 
could be also observed in the case of nickel. 


a. Just after the vaporization 
of Cu at 220°C. Rings and 
spots are due to Cu. 


Fig. 2. Diffusion of Cu inwards Galena. 


b. Temperature of base crystal c. 
is raised to 275°C. 


30 second after of photo. b- 
Pattern is corresponding to PbS 
surface. 


in 
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3. Unknown substances. In the present 
experiment, two unidentifiable substances can 
be detected, whose lattices do not correspond 
to any substances ever studied by X-ray 
analysis. The one of these is formed in the 
case of copper at high temperatures, which 
is body-centered tetragonal, the lattice con- 
stants being a=5.46 A, c=12.40 A, showing a 
good orientation. Judging from the distribu- 
tion of spot intensities, this lattice seems to 
be as if a super structure of face-centered 
tetragonal lattice with a=—5.46 A, c=6.20 A. 

The other unkown substance occured in the 
ease of nickel in a temperature range 300°— 
450°C, whose lattice being face-centered cubic 
with a=7.74A. It is reported in X-ray analysis 
that Pb(NO;), is a cubic crystal with the lattice 
constant a=7.84 A, but the formation of such 
a substance in the present case is not plausible, 
although it can not. be utterly rejected from 
its possibility. 

These substances are stable even if the 
temperature is lowered to room temperatures 
from the temperature of the formation. 


5. Two forms of FeS. In the case of iron, 
a formation of two forms of ferric sulphide 


can be detected, the one (FeS II, hexagonal, 
a=5.95, c=11.7 A, being a super structure of 
FeS I.) is formed at higher temperatures, and 
the other (FeS I, hexagonal, a=38.48, c=5.79A.) 
at lower temperatures. According to Haegg 
and Sucksdorff@), FeS II corresponds to a 
ferric sulphide with its iron and sulpher 
contents near 50—50%, but when sulpher 
content exceeds it by about 2%, the ferric 
sulphide takes the form of FeS I. Since, in 
the present experiment, the specimen to be 
examined is placed in a high vacuum of the 
diffraction camera, the sulpher content may 
decrease to its lower limit at higher tempera- 
tures, tending to near the value corresponding 
to the stoichiometric ratio of FeS. 
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$1. INTRODUCTION. 


In the previous paper’) the present authors 
described an observation by the electron 
diffraction method on a strange behavior of 
copper atoms, evaporated on to galena (PbS) 
surface in vacuum at higher temperatures. 
The pattern due to copper, appearing at first 
on the evaporation, gradually fades away, 
and then it finally disappears from the sight 
at all after a short period, leaving behind only 
the pattern due to the galena surface. This 
Phenomenon was interpreted as a diffusion 


a. Ag pattern. 
Just after the vaporization of Ag at 400°C. 


fig. 1. Diftusion ot 


process of copper atoms inward the galena 
crystal. 

More recently, another example of the 
similar effect was found in the case of silver 
on galena. Fig. 1a shows a diffraction photo- 
graph taken just after the evaporation at 
400°C. Fig. 1b shows the state ten minutes 
after the former photograph, corresponding 


to the pattern of galena surface, which looks 
as if being in the same state as before the 
evaporation. The formation of chemical 
products was not observed in this case. 

The phenomenon on silver seems to be ex- 
plained too, only when the diffusion process 
of Ag atoms into galena is assumed. If such 
an interpretation is correct, then we have here 
a new method of measuring the diffusion 
coefficient of metal atoms in the solid, led 
by a simple consideration mentioned in the 
following paragraphs. 


b. Pattern of galena surtace. 
Ten minuites after. 


Ag inwards PbS crystai. 


§2. THEORY. 


We take first 
the case in which 


a metal layer of (pees z=0 
a uniform thick- Zz 

ness is deposited 

on @ crystal sur- 


: 
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face (Fig. 2). The metal atoms are assumed 
to migrate within the crystal by diffusion, 
following the familiar equation 


$ 
Swe (1) 


where c is the concentration of the metal 
atoms (gr/em*), and D the diffusion coefficient, 
-#the time. The houndary condition for the 
present problem may be put as follows: 
c=Py), z=0. 
c=0, ane, an 
in which ?) corresponds to the saturated con- 
centration of metal solute in the crystal. 
Under these conditions the solution of the 
above equation is given by the well known 
formula 


2 
a 


32’ v Di 
died > 


c=Po— ap. (3) 


rd 
The flow of the metal atoms within the crystal, 
Le. the quantity of metal across a unit area 
_ Perpendicular to the z-axis in a unit time is 


given by gq=—D- pes The flow at the surface, 


az 
therefore, is given by 
0,.0=Pay/ Bee (4) 


If the thickness of the metal layer at t=0 


is H, and the density of the metal g, then 


the superficial metal layer will be wholly 
absorbed in tite crystal within a period ¢ 
determined by the next relation. 


Hp=]' buf’ =, dt=2p,)/ ae (5) 


From it we can obtain the diffusion constant 
D by 
2 2 
soe r= f) (6) 
_ Thus, the determination of D is now possibie 
‘when we measure the period #, during which 
the superficial layer is completely absorbed in 
the base, provided values of H andy. ¢ can 
be directly mesured using the eleetron diffrac- 
tion method by observing the diffraction 
pattern on the fluorescent screen. 

In the above theory is assumed a metal 
layer of a uniform thickness, but this may be 
not true in general for the deposits prepared 

by the evaporation method, especially when 
the evaporated quantity of metal is scanty). 
In the latter case, it is believed that the metal 


ra Pe 
a 
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is apt to make-scattered colonies or islands, 
rather. than a uniform layer. The relation 
above obtained, therefore, must be suitably 
modified in: the practical problem. We can 
however suppose that, a relation similar to Eq. 
(6) is probably hold even for the colonial 
distribution. In that case, the. formula may 
be written in a form 

Da 6 i ° +, (7) 
where C is a new factor which correlates to 
the state of the distribution of metal deposite, 
and # is now understood as the height of a 
single island. C may be unity when the 
vaporized quantity is sufficient so that a uni- 
form layer is formed. But it will take a 
higher values, when the deposit distributes 
in many small islands scattered on the surtace. 
For instance, if we treat a mathematically 
simple case of a spherical island, far isolated 
from the others, whose contact with the base 
being a hemispherical cavity of the base surface 
(Fig. 3), then, foilowing a similar argument as 
above, it is found C=9 
in (7), wherein H being : fr Pe 
understood as the diameter 
of the sphere. Taking this 
exainple in mind, it seems 
safe to assume that in Fig. 3. 
general C=1~5. 


$8. EXPERIMENTAL PROCEDURE. 


Following the method indicated in the former 
section, a determination of the diffusion coef- 
ficent D of silver and copper atoms in the 
galena crystal, as a function of temperature 
was performed. The evaporation was per- 
formed on fresh cleavage surfaces (100) of 
galena. The evaporation of metals and the 
heating of crystals were carried out in the 
diffraction camera. The periods # between the 
instant of evaporation and the instant in which 
the pattern due to metal disappears from the 
sight on the fluorescent screen, were from 
about 0.5 minutes to 6 hours, during which 
the temperature of the crystal is kept constant. 

The mean thickness H of the metal depo- 
sit was estimated from the quantity of the 
evaporated metal and the distance between 
the galena surface and the tungsten filament 
from which the metals are evaporated off. 
It must be noted that the mean thickness H’ 
thus estimated is not in general equal to the 
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above mentioned H’ used in Eq. (7, unless the 
vaporized quantity is sufficent to form uniform 
metallic layer. 


$4, RESULT. 


A. The case of Ag. The three kinds of 


the mean thickness, 20 A, 40 A and 80 A were 
studied. Fig. 4 indicates the result obtained, 
in which the ordinate is taken to be lagiyCD) 
calculated according to Eq. (7), and the abscissa 
the 1/7, T being the absolute temperature. 
In these calculation, the mean thicknesses H 
were temporarily adopted as the values of H. 
This of course being not correct, the argument 
on this point will be discussed in the next 
section. 


13 14 5 16 19 
np OS 3 
Saree 10 


The mean thicknesses of Ag are 20A (curve J), 
40A (curve TI) and 80A (curve III). 


Fig. 4. Ag 


B. The case of Cu. The result obtained 
on copper is given in Fig. 5,. which corres. 
ponds to the mean thickness 70A. This value 
is adopted as the value of H.as before. The 
temperature range covered in the case of 
copper is much narrower than the case of 
silver, because complicated chemical reactions 
took place for copper in the outer tempertaure 
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region, as formerly reported, which is not 
the case for silver at all. 


=) 
2° 
+o 
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The mean thickness of Cu is 70A. 
Fig. 5. Cu. 


$5. DISCUSSION. 


It is a well known relation in many cases 
that the diffusion coefficient of atoms in solid 
is expressed in a form 

D=Dye-#!47, (8) 
where T is the temperature, R, the Boltzmann’s 
constant®), According to it, logD-1/T curve 
must be a straight line. In fact Fig. 4 and 
Fig. 5 show a relationship of this kind. 

But there are two difficulties to be explained. 


The one is the appearance of knicks in curves | 
I and II in Fig. 4. The other is that, if the. 
theory given in §2 is correct and is suitably : 
applied, the three curves I, IJ, and III in Fig. . 


4 should coincide with each other. 


These : 


problems, however, can be explained by a 


following consideration. 

1) The existence of knicks. In“the theory 
of §2, H was understood as the thickness of 
the layer, or the height of the island. The 
log.D-1/T curve may be represented by a 
single straight line, if H is a constant inde- 
pendent of the temperature, being determined 
only by the quantity of the vaporized metal. 
But it may not be the case when the evaporated 
metal is of small quantity. For, in the first 
place, it is a known fact in such a case that 
the metal deposit makes a colonial distribu- 
tion as mentioned before, and higher the tem: 
perature, the size of a single island may 
become the larger. Secondly, when islands 


, 
' 


: 


| 
4 


l 
' 
t 


f 
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are highly scattered on the surface and far 
isolated from each other, then the growth of 
the metal crystal may occur freely, so that 
some directional development will take place, 
if the temperature is high enough. This may 
result ina much elongated shape of the island 
in some direction. In face-centered cubic 
Metals the development of (111)-plane is sup- 
posed to be the most pronounced one, as 
suggested by the appearance of the irrational 
spot and the twin formation™,. On account 


of this free growth 
of the crystal, the BD Ft 
island may take a 

form, as say, shown PbS 
schematically in Fig. 
6, at higher tem- 
peratures. 

As a result of these two factors the height 
H of the island may increase to larger values 
at higher temperatures, and consequently D, 
calculated on assuming a ‘value of H constant 
throughout all temperature range, may appa- 
rently become smaller at higher temperatures. 
The existence of knicks in the curves I and 
Il seems to be explained as due to these 
reasons. For instance, the discrepancy at 500°C 
between the curve I and the straight line, 
extrapolated frdm the lower temperature por- 
tion of the same curve, will be understood if 
we assume, for this temperature, a formation 
of a metal island of a height about three 
times taller than that for the lower tempera- 
ture. This result seems not to be an absurd 
conclusion. 

When the evaporated quantity is more ample, 
so that islands are distributed dense to each 
other, then the formation of especially large 
island or the free crystal growth will be sup- 
pressed, unless the temperature is sufficiently 
high. This tendency seems to correspond to 
the fact that the temperature at which the 
curves show the knick displaces into a higher 
temperature for the curve II (H : 40 A), than 
for the curve 1 (H :20A). In the curve II, 
the knick does not appear, and in this case 
the height H of the metal deposit is supposed 
to be given correctly by the mean thickness 
Hi’ to some extent. 

- 2) The discrepancy of curves. We will now 
discuss the physical meaning of the vertical 
displacement of curves in Fig. 4. Concerning 
the curves 1 and IL, only the portions corres- 
ponding to the temperature below the knick 


= 


Islands of metals.on PbS. 
Fig. 6 
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are considered in mind. Then the difference 
of I and III is about 4 by the multiplication 
factor. This difference is explained on 
assuming the state of the metal deposit, as 
follows. 

Curve I corresponds to the smallest quantity 
of the vaporized metal (H’:20A), so that the 
metal may be distributed in islands consider- 
ably scattered. In such a case C in Eg. (7) 
may exceedingly deviate from unity. Now 
we assume C=4 as its possible value. When 
this value of C is taken in account, then the 
differece of 7D corresponding to the curves I 
and III must be about 4C(+16) by the- multipli- 
cation factor, since C for the curve II can be 
supposed to be nearly unity. This discrepancy 
will be eliminated if the height H is taken 
V/4C-times of the mean thickness 20A for 
the curve L 

That means that the metal deposit in this 
case is not a uniform layer of ~ e2 thickness 
20 A, but it forms scattered islands, whose 
height being about 80A. This result agrees 
fairly well with the hitherto known know- 
ledge about the state of the metal deposit 
evaporated on the smooth crystal surface. 


The fusion coefficient. From the con- 
sideration given above, we can now presume 
that the theory can be applied in the case of 
the curve II without too large errors, because 
it is supposed that this case is roughly ap- 
proximating the uniform layer, and probably 
being C=1. 

The value of 7D, and e in Eq. (8) were 
obtained from this curve. The result is 

7D,=4.5 x 10-7 em!’/sec, 
e=1.3 electrop volts. 

e is determind from the inclination of the 
curve. Similar value of e were also obtained 
from the low temperature portion of the 
curves I .and II. 

In the same manner we obtained these 
quantities for copper from Fig. 5, assuming 
C=1. Namely, 

7D)=2.7 x 10-" em*/sec; 
e=0.5e.V. 


$6. CONCLUSION. 


As described above, if we are provided the 
value of 7 from some other sources, the 
diffusion constant D can be deduced by 2 
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comparatively simple procedure using the 
electron diffraction, Though this method can 
not be applied very widely, it may be utilized 
with success in.suitable case as the present 
one. 

Moreover, by the observation on the diffusion 
phenomenon, we can obtain several informa- 
tions on the supmieroscopic nature of the 
metallic deposit vaporized on the surface, 
as given in the present paper. 


The authors wish to express their sincere 


Shizuo MIYAKE and Mieko KUBO. 
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Electron Impacts, I. 
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(1) INTRODUCTION 


Since the experiments of methane by L. G. 
smith‘ the investigations on the dissociation 
ind ionization of various gases or vapors 
with massspectrometers were made by many 
nvestigators. 

Experiments with massspectrographs on the 
ons formed by electron impacts in vapors 
re capable of giving valuable mformations 
bout the molecular structures of these vapors 
nd the dissociation processes occuring in 
‘aseous molecules. 

Namely, it is possible to determine the nature 

f ions produced under various conditions by 
he approximate determination of M/e of the 
bserved ion. The relative probability of 
ormation of ions and the minimum energy 
equired to produce the ion may also be 
etermined. This energy, usually called ap- 
earance potential, is the sum of dissociation 
nergy, ionization potential and the excess 
nergy, i.e. minimum exci- 
ational and kinetic energy 
f the dissociation. products. 
1 usual experience, this 
xcess energy is rather 
mall, and so the sum of 
issociation energy and 
nization potential is quite 
lose to its true value. 

In this paper, the results A 
btained by the investiga- & 
ons on the dissociation of cS 
hexane, cyclohexane and tt ee 
nzene vapors. by electron 
apacts are described. ' 
he investigation of cyclo- 
xxane and benzene by 
ectron impacts has al- 
ady been made by Hust- 


rulid, Kusch and Tate“). But the main purpose 
of this paper is to describe the difference 
between a straight chain type hydrocarbon 
as n-hexane and a ring type hydrocarbon as 
cyclohexane or benzene. Paucity of ther- 
mochemical and spectroscopic data on the 
dissociations of these vapors prohibits the 
satisfactory analysis of the processes by 
which the ion is formed, but simple considera 
tions about the particular processes will be 
made in the explanation of the experimental 
results. 

The other purpose is to describe the con- 
sideration about the relationship between the 
hardness of decomposition and the antiknock- 
ing tendency of these vapors. 

The experiment described in this paper was 
made by the author in 1944 at the Hitachi 


Central Research Laboratory, Hitachi Ltd. 


(2) APPARATUS AND PROCEDURE. 
The massspectrograph“) used in the present 


3, S:, 8; e-secerre Ql2amm * 10 aw 


Fig. 1. Ton Source 
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investigation is Nier type, and the magnetic 
field adopted for this apparatus is V-shaped. 
Its angle is 60° and radius 22 cm. 

A cross sectional view of the ion source is 
shown in Fig. 1. 

The hydrocarbon vapors to be examined are 
admitted to the ion source through the slit S;. 
The differential pumping method is used to 
protect the thermal dissociation of these 
vapors at the hot cathode. For these reasons 
the region between S, and the electrode S: 
has the maximum gas density in the ion 
source. In Fig. 1, the thick dotted line shows 
a electron beam and the thin one shows a 
ion beam. 

The D.C. high voltage for the acceleration 
of the ions is supplied by a 1200 volt stabilized 
rectifier set of the Gingrich type in the Ist 
step and Street-Johnson type in the 2nd step. 
The stabilization constant of this circuit only 
using radio tubes UY-47B and UZ-57 is 10-4 
against 10 % variation of the input voltage. 

The analysed ion currents are measured with 
an electrometer tube UX-54 and a galvonometer 
(2.6x10-'° Amp/mm). The measuring circuit 
is a modified Barth circuit and has voltage 
sensitivity of 60;000~100,000 mm per volt at a 
scale distance of 1 meter. The high resistance 
of 18x10"Q is used ‘as a grid leak. The 
analyzed ion currents are automatically 
recorded as shown in the following photo- 
graphs. 

Small quantity of the purified sample is 
placed in a bulb connected to the ionization 
region of the massspectragraph, and after 
cooled under pumping evaporated into the gas 
reservoir. The samples studied in this research 
are purified by the following methods. 

The gas leakage and pumping speed are 
controlled such as to give a pressure of about 
10-5 mmHg in the main part. The observations 
are carried out at very low pressure so that 
all the ions in the ion source are produced as 
the result of single electron impact on the 
normal molecule of the gas in question. 

The relative probability of the ion formation 
by electron impacts is measured by changing 
the magnetic field strength, but the photo- 
graphs of the massspectrum are taken by 
changing the accelerating voltage of the ions. 

The ion peaks which are supposed to be due 
to impurities are always of very low intensity. 
The corrections to the abundance’ for the 
presence of the carbon isotope of mass 13 


have not been made in the present papel 
According to the abberation of the apparatu 
and the kinetic energy of the produced ions 
the ion peaks are overlapping in the higne 
mass regions, and in C, group this effect i 
particularly great. The correction for thi 
effect has not also been made to the relatiy 
probability. 
(A) Purification of normal hexane (n-C.His 
Kahlbaum’s petroleum hexane is shake’ 
several times with concentrated sulphuric acic 
washed twice with distilled water and decantec 
then shaken with 10% sodium hydroxide, an 
finally shaken with N/10 solution of perma 
ganate in 10% sodium hydroxide; subsequentk 
it is washed with water, dried with acid pho: 
phoric anhydride and then distilled. 
(B) Purification of cyclohexane (C.H::). 
Cyclohexane is cooled at about OC. an 
crystallized, and taen benzene is removed t 
decantation of the benzene containing cyel! 
hexane, Such procedures are repeated ten « 
more times until cyclohexane is not coloure 
with picric acid. Subsequently cyclohexane 
dried and distilled. 
(C) Purification of benzene (C;H.,). 
Benzene is shaken with frequently renewe 
quantities of concentrated sulphuric acid um 
the thiophene reaction is negative, then fra: 
tionally crystallized three times, heated for 
day under a reflux with calcium chloride an 
distilled. 


(8) INVESTIGATIONS ON THE 
n-HEXANE (n-C,Hi,). 


Chemicel evidence indicates that the s: 
carbons in normal hexane are connected 
straight line, and C-C bond energy is 3.17¢ 
(73 Keal/Mol) and C-H bond energy is 3.97 
(92 Keal/Mol). » 

It is a very interesting problem to kne 
that how C-C bonds in n-hexane will be brokl 
by the electron with far greater energy thi 
the value above-mentioned. At least, it: 
expected that the two end C-C bonds are e 
ferent from the others. 

The relative probabilities of the formatié 
of ions and the appearance potentials of t 
formed ions in n-hexane are wih 
follows. | 
(A) Relative probabilities of the tormatid 

of ions in n-hexane by electron impa 

The ions observed as -the dissociation 
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ducts of n-hexane under single electron impact 
and the relative abundance of the ions pro- 
duced at the electron energy of 30, 50, and 
100eV are tabulated in Table I, II, and III 
respectively. 


Table 1. Nature and relative abundance of ions 
formed in n-hexane by electrons with 
30 volts energy. 


Ton “| aol na2 n=3 n=4 uv=S nm6 
Cat 
CaH+ | 0.11 0.11 
Cnli,* 0.24 0.49 
CaHs+ 0.21 3.21 1.69 
Cullgt 0.09 299 100 0.16 
CrH,+ 8.77 15.46 0.40 
CnH* 0.78 857 0.48 
CaHy+ 13.70 2.70 0.22 
CnHg+ 0.71 1329 0238 0.33 
CnrHg+ 1532 131 0.18 
CnHypt - 080 037 0.33 
“Caly* 109 0.41 
Galli3* 0.72 
Col List 0.48 
Callyy* 3.16 
3.15 5.61 


0.30 16.10 41.73 33.15 


Table II. Nature and relative abundance of ions 
formed in n-hexane by electrons with 
50 volts energy. 


Ton u=lo ovz=2 nv=B n=4 ned n=6 
Cat 
CnH+ 
Cullgt 
CyrHs* 
Cal¥y* 
Cnlig+ 8.99 15.46 0.67 0.06 0.06 
Crllg+ . 0.38 6.76 0.38 0.03 0.03 
Cylly+ 11.20 244 0.34 £40.11 
CylIgt 0.47 1102 020 0.03 
Cal Igt 13.14 134 0.18 
Cal lyot 0.80 034 0.10 
Cully * 1.04 0.20 
Cyl tgg* 0.06 0.78 
Crltist+ 0.38 
Cal lyat 4.10 
0.72 20.62 4038 2993 341..,59%:, 


wa ra 
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Table TI. Nature and ralative abundance of ‘ions 
formed im n-hexane by electrons with 
100 volts energy. 


aaloine2 xu=3 ned n=5 nw6 
Cnt 0.03 0.08 0.15 0.08 
C,H + 0.13 0.3] 084 0.21 
Caliy+ | 054 209 3.37 0.76 0.06 
Callgt | 238 1365 887 080 0.13 
Catt | 0.17 4.78 169 036 0.06 
Calls* 965 14.08 093 0.16 
CaHet 0.38 4.86 0.53 0.10 
Cally*+ 7.24 213 030 0.08 
Callg* 053 689 0.18 0.09 
Colg* 8.01 0.73 0.13 
Callig* 064 023 0.06 
Caliyy* 0.50 0.11 
Crt yt 0.04 0.35 
Crt thst 0.21 
Cot lig* 143 | 
3.25 3094 3957 2134 249 246 


In these tables the suffix of C, and Hn 
show respectively the number of carbon and 
hydrogen atoms of the ion, and the numerical 
value shows the percentage of each ion. 
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fig. 2. The progress of dissociation of 
n-hexane by electrons with 30, 
50 and 100 volts. energy- 


Fig22 shows the progress of dissociation 
of n-hexane as the energy of the bombarding 
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in n-hexane. 


group 
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Fig. 5. Mass spectrum of ions of C, group in n-hexane. 
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electron increases. 

The typical massspectrums of ions contain- 
ing 2~4 carbons are shown in Fig. 3~Fig. 5. 

As above mentioned, these photographs are 
taken by changing the accelerating voltage of 
the ions. 

According to the Table I~III, it is note- 
worthy that the non-dissociated ions C,H,,+ 
are less abundant than the dissociated ions 
containing 4, 3 or 2 carbon atoms. This ap- 
pearance of the massspectrum of the ions 
produced from n-hexane differs markedly from 
those of the ions produced from cyclohexane 
and benzene. It is also estimated that the 
two end C-C bonds are stronger than the others 
in n-hexane under the impacts of electrons 
with the far greater energy than the C-C bond 
energy (3. 17 eV). 

Fig. 2 shows that the more the energy of 
impacted electrons increases the less abundant 
‘the ions containing the many carbon atoms. 
‘Moreover, the ions containing the hydrogen 
atoms of odd number are more abundant than 
the ions containing the even number. For 
example, the ions C;H,+ and C;H;+ are more 
abundant than the ions C;H,+. Perhaps the 
ions 


H H H+ 
C3H,+ PetaGcG ) ana C;H;+ 


H H Ht 
(#-¢-€-€ 
H 


H H H+ 
C;H,.t (w-6-c-c ) 
(B) Appearance potentials of the formed ions 

_ in n-hexane. 

The determination of appearance potentials 
was made by admitting a mixture of n-hexane 
vapor and argon gas into the mass spectro- 
graph and observing the ion current as a 
function of electron energy near the threshold 
value. The accelerating voltaye of electrons 
was corrected by the ionization potential of 
argon. Appearance potentials of the formed 
ions in n-hexane measured by above method 
are shown in Table IV. 

In Table IV the appearance potentials of 
ions C,Hy,+, C;Hi:+, CsHot+, C,Hst, C;H;+ and 
C;H,+ are nearly equal to each other, viz. 
those values are 10.2~10.9eV, and the appea- 
rance potentials of the other icns are ap- 
parently higher than those. 

_ The following notations will be used in the 


may be more stable than ion 
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Table TV. Appearance potentials of formed 
ions in n-hexane. 


Appearance Potential 


Ton 
(eV) 
Celtys* 10.2 
Cli * 10.9 
CsH + 13.0 
CgHt 10.24-0.4 
C(lig* 10.34.0.1 
CyHy* 10.5401 
Cgligt 10.54-0.1 
CsH3+ 12.5+0.1 
CsHst 13.040.3 
Cotis+ 13.44-0.2 
C,H,+ 14.6404 
CyHs+ 14.1404 
CHs 143403 


discussion of the results. 
A(X+)=Appearance potential of the ion X+. 
I (X+)=Ionization potential of X. 
D(X) =Dissociation energy of X. 
W(X+)=Excess energy (kinetic or excitational) 
appearing in the production of the 
ion X+ from the parent molecule. 

Q(X+)=Energy evolved in the formation of 

X from its elements in the states 
in which they exist at room tem- 
perature and atomospheric pressure. 

L(C) =Heat of sublimation of carbon. 

Appearance potential of the formed ions is 
the sum of three quantities; a dissociation 
energy, an ionization potential and a total 
minimum excitational and mutual kinetic 
energy, namely 

A(X+)=D(X)+1(X+)+ W(X*). 

The minimura kinetic and excitational energy 
with which the products can dissociate is 
usually small, so one may define a new quantity 
I’ by A—D=I’, which is nearly equal to I. 

The ionization potentials of the several 
straight chain type hydrocarbons have already 
been measured by many investigators. 

For examples: 


ICH,+) =13.1eV Smith@ 
K(C.H,t+) =11.6eV Hipple 
I(C,H,+) © =10.8eV Bleakney ) 
EC.H.+) =11.2eV Tate 
IiC,Hg+) =11.3eV 

VC.H.+) =10.0eV Bleakney(® 
IC,;H,+) = 9.9eV 


I(n-C,H, ,+)=10.2 eV Present work 
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Table V. Energies of dissociation of n-hexane into its various constituents and interpretation 
of the appearance potential. 
Ionization potential 


Configuracion energy Appearance potential 


a _— n-CeHyg OeV I(CeHy*+) = 10.2 eV 
6  CgHy +CHs 2.4 A(CsHy +) =10.9 eV 1(CsHyt)S 8-5 
c CsHy +CHs +Hy 4.1 A(Eslip+) =13.0 I(CsH9*) = 8.9 
d CHy+CHs 08 A(Cao+) =10.2 1(CaHy*) <9A4 
e CiHe+CeHe 0.6 A(C,Hst) =103 T(CgHgt) S 9.7 
f Calg + CoH 0.7 A(CsHg+) 10.5 I(Ctle*) S 98 
gs Cay + CgHy 0.7 A(CsHy+) =10.5 I(CgHy+) < 98 
hs CgHg + Cal Ig +H 3.8 A(CglIg+) =12.5 1(CsHs+) <= 8.7 
i CsHs + CH, +Hy 2.2 1(CsHs*) $103 
j Cally + Cglly + 2H 46 A(CsHs+) =13.0 I(CsHs+) = 84 
k  CyHs5+CyHg +H 3.5 A(CGqHgt) =13.4 1(CyH,+) = 9.9 
1 C3Hs + Cyl, +CyHyg 2.0 1(C;H,*+) 114 
m  CylgtCQHo+H 3.9 A(CsHy+) =14.6 1(CgH4t) 10.7 
n  CHs+C3Hg+CqH5 3.2 A(CHs+) =14.3 I(CHg+) <11-1 
0 CHs +CgH, + Ctl, 3.3 1(CHs+) <11.0 


) 6C +1411 65.4 


—_— nn gy>— 


From above results it is assumed. that the 
values of the ionization potentials of straight 
chain type hydrocarbons become smaller as 
the number of contained carbon atoms increase, 
and also that those values become slightly 
smaller for molecules having the double bond. 

Before one can make analysis of the pro- 
cesses by which the ions are formed, it is 
necessary to estimate the various value of 


D(n-C,Hi.)=7D(H,)+ 6L{C)+ Qin-C,Hi,), 
which yields 
Din-C,H;:)=65.4 eV. 

The dissociation energies of n-pentane, 
amylene, n-butane and a-butylene are deter. | 
mined by the similar calculations as n-hexane; | 
those values are D(n-C;H::)=55.5 eV, D(CsHio) 
=49.3eV, Dm-C,H,)=45.1eV and D(C,Hs) 


the heat of dissociation involved. The energy 
of possible states in which six carbon and 
fourteen hydrogen atoms can exist are shown 
in Table V. 

The energy in Table V are calculated in 
each cases from the normal state of the 
complete molecule. 

Now the heat of formation of n-hexane 
Q’/n-C,H,.)=2.0eV may be calculated from the 
heat of combustion. Dissociation energy of 
hydrogen molecule D{H:)=4.46eV is given by 
Sponer“; sublimation heat of carbon L/C) 
=5,.8640.02eV is given by Goldfinger and 
Jeunehomme®), 

For the determination of Dn-C,H,,) the 
following cycle may be assumed. 

TH:+ 6Cuia=n-C,H,,+ Qin-C,H),) 

6Caia + 6L(C)=6Cgas 

7H,+7D(H,)=14H 

14H+ 6Cgas= n-C,H,, +D(n-C,H 1a) 
This shows that 


=39.8 eV respectively. 

The dissociation energies in the case of 
methane were given by Smith® as D(CH,) 
=15.1eV, D(CH;)=10.6eV and D(CH;)=7.0 eV. 

The dissociation energies in the case of 
ethylene and ethane were given by Kusch, 
Hustrulid and Tate, for example D(C,H,) 
=19.2eV, D(C.H;)=16.1leV, D,C,H,)=25.0eV 
and DiC,H;)=22.1 eV. 

The dissociation energies in the case: of 
propane, propylene and allene were given. by 
Delfosse and Bleakney, for example D(C;H;) 
=82.3eV, D(C;H,)=29.5eV, D(C;H;)==26.4 and 
D(C,H;)=19.5 eV. 

The dissociation energies of C;H,,,C;H, and 
C,H, are estimated by the interpolation or 
extrapolation from the values of D(n-C;Hy,,), 
D(CsHio), D(n-C,H,») and D(C,Hs,). 

The observation on the appearance potentials 
and the conclusions which may be drawn from 
them are also summarized in Table V. ; 

The disscusions of some particular cases 
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vill now be given. 

C;Hi,+, C;H,*. 
_As the dissociation processes b and c (Table 
/) are unreliable, the upper limits of the 
nization potentials of C;H,,+ and C,H,+, 
iz. 8.5eV and 8.9eV are also uncertain. 
Be C.H,;t, C,H,t. 

In n-hexane the simplest way to produce 
hese ions are the dissociation according to e 
nd f. Energetically those must be a unique 
olution. 

n-C,H;,—>C,H,++C.H;+e I(C,H,+)<9.4eV 

n-C,H,,—>C,,H,+ Sie C; H,+ e I(C,H, +9. eV 
° C;H,+. 

In the investigation on propane Delfosse 
nd Bleakney‘) found a value of I(C,H,+) 
<9.0eV. In n-hexane the dissociation process 
‘lead to 1(C;H,+)<9.8 eV, but the dissociation 
nergy in both cases are not reliable. 

, C3H,t. 

In the investigation on propylene Delfosse 
nd Bleakney‘® found a value of 10.0+0.2eV 
or the ionization potential of this molecule. 
hen there is only one possible explanation 
f the appearance potential of this ion in 
~-hexane, namely the process 
-C,H,, > C;H,++C;H,+e. In this case the 
ytal excess energy is equal to zero. All other 
onceivable processes require too much energy. 

C;H;+. 

In the investigation on propylene Delfosse 
nd Bleakney found a value of I(C;H;)<8.7eV 
In the process 4 the upper limit of ioniza- 
on potential of this ion is the same value, 
nt in the process 7 the ionization products 
ave the excess energy of above one and half 
ectron volts. It seems rather surprising that 
e process é,f or # can happen as the result 
f single electron impact. 

_ C3H3+t. 

In the investigation on allene Delfosse and 
leakney(*) found a value of I(C;H;+)<8.8 eV. 
he most probable process seems to be the 
mation of C;H;++C;H,+2H,; and in this 


case the upper limit of I(C;H;+) is 8.4 eV. 
7. C.Hs+. 

In the investigation on ethane Hipple“) found 
a value of I(C,H;+)<9.8eV. In n-hexane the 
simplest way to produce this ion is the for- 
mation of C.H;++C,H.+e, but in this case 
the total excess energy of the products is 
abnormally high. Energetically the most pro- 
bable process is k and in this case the upper 
limit of I(C,H;+) is 9.9 eV. 
8. C,H,+ 

In the mvestigation on ethylene Kusch, 
Hustrulid and Tate) found a value of 10.8eV 
for the ionization potential of this molecule. 
The most probable and simplest process is 
the formation of C.H,;++C,H,+H-+e and in 
this case the upper limit of I(C,H,+) is 10.7 eV. 


9. CHs+. 

The upper nmit of ionization potential of 
CH; is measured as 9.9eV by Smith, 10.4eV 
by Hipple. The simplest way to produce CH;+ 
is the manner of knocking a CH; off one end 
and ionizing it. Such a process may be 6 or 
c and in the process c the upper limit of 
I(CH;+) is 10.2eV, but the processes o and p 
in which two C-C bonds will be broken are 
also probable, and in these cases the excess 
energy of the products are about one electron 
volt. ; 
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1. THE CHANGE IN THE VALUE OF 
A IN RICHARDSON’S FORMULA AND 
ITS PREVIOUS EXPLANATION. 


Empirically it has been recognized that there 
is a linear relation between the logarithm of 
observed thermionic constant, \i.e. log A and 
work function ¢ in various stages of out- 
gassing. This fact was first recorded by O. 
W. Richardson and afterwards reformulated 
by Du Bridge). Van Velzer computed the 
work function of a clean surface of tungsten 
by this rule upon the assumption that the 
true value of thermionic constant A was 60 
Amp/cm!? deg? and found the value of 5.29 
volts for work function. Recently R. H. 
Fowler‘) attempted to explain this relation 
by the trausmission coefficient of an electron 
through the potential barrier existed between 
an adsorbed atom and a base metal (Fig. 1a). 


e 
ap 


@ | 
Fig. 1. 


His result for the rectangular potential barrier 
(Fig. 1b) is as follows: 


log A=const.— 2K’ 4)'l, 
where nay 2m, h is the Planck’s constant, 


m the electronic mass, 4g the lowering of 
work function and / the thickness of barrier. 
Comparing this formula with the observed 
values by Du Bridge, he had the value of 
t=10-7 em. This layer is rather thick. And 
furthermore it is doubtful that there is a 


potential peak higher than that on the outside: 
of metal, when electronegative atom like 
oxygen are adsorbed (Fig. 2. In the cases of: 
tungsten, platinum and other metals abouti 
which some investigators reported this fact, 


Fig. 2. 


the work function in the stage of poon 
outgassing are usually large and decrease 
little by little to small values during severe 
heat treatment. Therefore these monolayers 
consist of electronegative atoms, presumably 
oxygen atoms which have the large heat of 
adsorption, and Fowler’s theory can not be 
applied to these cases. Secondly Zwikker®: 
assumed that the atoms adsorbed on the sur- 
face represent the rigid dipoles, upon which 
the thermal movement has a_ disorienting 
action, and the dependence of their effective 
moment on temperature is given by the rela. 
tion: 
p=c/T, 
where c is a constant, which is a function of 
the concentration of the adsorbed atoms. His 
model js similar to Langevin’s one of electric 
or magnetic dipole in homogeneous field. But 
the second assumption is not reasonable it 
this case. The author improved it and ob 
tained the more proper result as we shall se 
later. 
The theoretical relation deduced from th 
t 
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conception of Zwikker is as follows: 
log Aons= const.+ UT; Pobsy 


where e is the electronic charge, k the Boltz- 
mznn’s constant and 7, the-average tempera- 
ture at which the measurement is performed. 
As we shail see later, the inclination of the 
straight line of log A vs. ¢ is different for 
various metals, but independent on the temper- 
ature. But according to Zwikker's theory, the 
inclination is common for different kinds of 
metal and dependent on the average tempera- 
tove, of which the physical meaning is not 
necessarily clear. 


2. EXPERIMENTAL RESULTS. 


in ‘order to confirm this relation experi- 
mcnially, it is necessary to measure the therm. 
ionic current in some stages of outgassing. 
Therefore the monolayer must not evaporate 
easily, but has much heat of adsorption. For 
this purpose the layer of oxygen on tungsten 
or platinum is as suitable as possible. 

The author measured the thermionic constant 
A ani the work function-¢ for purest platinum 
in the various stage of outgassing. The ob- 
gerved log A are plotted against the observed 
g in (Fig. 3. The inclination of this straight 


4 
=m 3. 
Ly 
za 
4s SO $F volts 
Fig. 3 


line is in agreement with that of Du Bridge, 
put its position deviates slightly from that, 
and its cause is unknown. The empirical ex- 
pression from the data is as follows: 


log,,.A = —6.85+1.87¢. 


On the Relation between Thermionic Constant and Work Function. 


3. THEORETICAL EXPLANATION 
AND DISCUSSION. 


Usualy it is comparatively difficult to remove 
the monolayer of oxygen on metallic surface. 
In tungsten it is necessary to heat to about 
3000°K, and according to Langmuir evaporating 
molecules are not oxygen molecules but 
tungsten oxide. In platinum it is impossible 
to remove it at the temperature lower than 
1700°K. Apparently this tight-bound chemi- 
sorbed atom is localized and can not emigrate 
at the temperature of thermionic measure: 
ment, but vibrate about the equilibrium point 
and making hinderedrotation about the ad-site 
(Fig. 4). These vibration and rotation change 


“6 
© 
YY edd 


Fig. 4. 


the dipole moment of monolayer and accord- 
ingly the wor function. This variation de 
pends upon the temperature and the value 
of moment at the absolute zero temperature. 
In this case the work function is 
Y=$)+S9.A{1—akT , 
where ¢, is the true work function of metal, 
4g 6, the change of wor. function due to the 
double moment at the absolute zero tempera- 
ture, @ the concentration of adsorbed atoms, 
a the temperature coefficient of the double 
moment, & the Boltzmann's constant and T 
the temperature in absolute scale. Therefore 
the thermionic current is: 


i=AT'exp{ ~ poppet dp OY1— akT))}, 


where A is the theoretical or true thermionic 
constant, e the electronic charge. We have 
the following expression for observed therm- 
ionic constant and work function: 
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Aors=A expleady’g)) 
and 
Yoos=Yot 49.4). 
Consequently we get the relation between ob- 
served constant and work function as follows: 

log A.1.=(log A —eaYy,)+ eaYors. 
Classically we can calculate the temperature 
coefficient a. In Fig. 4, O is the ad-site, M is 
the adsorbed atom and we determine the 
position of M by the polar coordinates g, 6 
and ¢. In poor gas absorbers like platinum 
and tungsten, absorption: and diffusion increase 
accordingly as temperature increase, that is, 
the activation energy is necessary for adsorbed 
atoms to penetrate into the lattice space. 
Therefore there is a large potential peak in 
6=2/2 and the adsorbed atom can not rotate 
over it at the lower temperature. Here we 
assume the potential as in the following, 
Vror=2€D 018 ’ 

where e is the electronic charge, and Dre is 
a constant. 

We get as the rotational partition function, 


1 (2% Ble ara his 
xT )= pr) ae | a jor ja x 
0 


Oh: 2eD 018 O"\ 

aA al Tager er i er uaa 1 aed i 
where # is the Planck’s canstant, m the mass 
of the adsorbed atom and p) and py, are res- 
pectively the momentums for @ and ¢. After 
the simple integration over fo, py and y we 
have: 
z/2 
sin J exp, — 
0 


i + d 
r 7 aime Ta) ro 2eD ab? 5) ae. 


bs 


As usual the averaged value of @ is small, 
we can expand sin@ and keep only the first 
two terms. The approximate value of xT) is 
2r2mgkTr) kT kT 
T)~ ———( t— = 
a? ht inet BeD-x) 
The averaged value of double moment is 
/2 ae ce 
a0 [ao j< aby 


<P> ar= begeryp | oe| 


f 
x cos § exp — 5 Sager (P° TS f,) 


aay 0 


where ~, is the moment at the absolute zero 


2eD ror *, 


temperaure. By the same approximation as 
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the above we get the following formula, 
kT 
<p> ar~ ~p(1- 77 —). 


In the case of vibration we assume the Morse 
potential as in the following, 
Vvin=const+eD,inlexp{ —2a(q—gs)} 
—~2exp{—agq—q)}), 

where q is the distance of minimum potential, 
and Di» and @ are constants. As usual a is 
some A-! and q—@ is less than 0.1A. There- 
fore we can expand it in power series of 
q—q as follows: 


acm ae ee i A 


ca iat semen” 
+ZaXq—a0*— — 1, 


~const + eDviv{ a*(qg—go)— a\q—qo}}. 
The partition function of vibration is 


oo p “A 
eT = ~Omkr d eDyiva*(q—qo)* 
midi aaa 2s le 5 
° t) 


eDviva(q—qs) 
+ eT 


J 


where p is the momentum for gq. 


oP Si0h and 


a*.q—qe)*<10-*, we obtain 


In adsorption usually 


exp, pp aXq—a. \ 1+ ona aXq— —4q)". 


And in the integral over dg, we may replace 
the lower limit 0 with —>o, the partition) 
function obtained is 


The averaged value of q—q, is given by the 
following expression, . 


: ee | 
1 a 

pe fie he oT h| fae ap\a—a)x 

—-7 i) 


exp [- ED ceeig—aeh < Driv a Goh 4. 


By the above-mentioned approximation, we get 


S&S kT 
<9-Q> av=> TRS ; 


The averaged value of double moment i 


_ rotation and vibration is 
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<pras =o(1+Gospa— ED- )er] 


Unfortunately we have not the data of q, a, 
Dy» and Dro for chemisorption. But it is 
probable that q is slightly.longer and a is 
slightly less than that of ‘chemical binding, 
yecause the binding in adsorption may be 
small compared to the chemical binding, and 


Dvib~ Drot 3 . Thisthird assumption is reason- 


uble in view of experimantal data, as we shall 
gee later. Here from the spectroscopic data 
of diatomic molecule we assume that q,~2.5A, 
7~2.5 A—1, therefore q,a~6.3. Thus we can 
oglect the vibrationul term against the ro- 
ational term and obtain the final expression 
1s follows: 


<p>ar=p(1-4e5—), 


hat is, the temperature coefficient of the work 
‘unction due to chemisorbed layer is 


js 4€D or ‘ 
‘his formula has only one unknown constant 
Dot, and we can obtain the value of it from 
xperimental data. 
jormmparing the above obtained formula with 
he author’s observed results, we have the 
ollowing values as the height of potential 
; A rr 
arrier for 0=5> i. e. gq Dror 
oxygen on platinum 1.2 volts. 
ind comparing with the data of Du Bridge‘), we get 
oxygen on potassium 0.16 volts), 


oxygen on molten metal 0.62 volts, 
oxygen on tungsten 0.82 volts, 
oxygen on platinum 1.3 volts, 
oxygen on thoriated tungsten 2.5 volts. 


Yom 1.2eV for oxygen on platinum, we have 
5000 cal/gmol for one gram mol. This value 


is comparable with the heat of activated ad- 
sorption and is considered rather small. And 
theoretically it must be equal to the heat of 
diffusion, but usually the diffusion of gas atom 
progresses along the crystal surface rather 
than into crystal lattice, and we must not 
compare with it. The solution of a gas atom 
into metal begins to be striking at the tem 
perature where the activated adsorption is 
maximum, that is, the adsorbed atom begins 
to evaporate from the surface or to penetrate 
into inside of metal at this temperature. 
rr? 
Se 
iS consistent with the experimental facts. And 
furthermore the order of height of potential 
peak, i.e. potassium < tungsten < platinum is 
inverse to the order of lattice constant, i.e. 
potassium>tungsten> platinum. Therefore the 
above obtained values are reasonable. 

In the electropositive atoms, the Fowler's 
theory can be applied and the two effects 
may arise simultaneously. But in the case of 
electropositive atom like hydrogen and others 
they easily evaporate and the current is too 
unstable to measure in every stage of out- 
gassing. 

In conclusion the author wishes to express 
his hearty thanks to Prof. T. Tanaka for his 
kind guidance throughout this work. 


Accordingly the assumption that Dyi»~Deor 
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§1. INTRODUCTION: PREVIOUS 
EXPERIMENTAL RESULTS. 


In various problems which concern the sur- 
face of solid, for instance thermionics, adsorp- 
tions and etc., it is often necessary to know 
the true area of surface. When a polycrystal 
has been heated in order to outgass to such 
a high temperature that appreciable evapora- 
tion occurs, the surface consists of many 
crystal faces, which are inclined, in general, 
to the original or, strictly speaking, base sur- 
face and therefore increase the exposed area. 
As the true area is not equal to the apparent 
area, which we can usually measure, it is 
convenient to define the following quantity as 
Tonks did. The excess of true area of surface 
over underlying plane per unit area of the 
latter is 

E= true area—apparent area 


“Brena aghast hey \ 
apparent area # (1) 


and we shall call it the face excess. By this 
time the true area has been measured by 
numerous investigators by various methods, 
but their results are very different according 
to the treatment of surface and to the mea- 
suring method. Owing to Langmuir‘”), a tung- 
sten filament which has been etched during 
outgassing by heating it to 2900K develops 
only dodecahedral crystal faces, j.c (110 type, 
on which there are 1.425-10'5 tungsten atoms 
per cm’. As it appears from the crystal 
structure of caesium and tungsten, that both 
metals have the same type of lattice structure, 
i.e. body-centred cubic lattice, and as the 
radius of a caesium atom is almost double 
.that of a tungsten atom, it may be assumed 
that in a monolayer there will be one caesium 
atom per four tungsten atoms, such that 
3.5610 atoms per cm® can be adsorbed. But 
owing to his measurement it was found that 
4,80-10% atoms of an apparent surface per 
unit area were covered by a monoatomic layer 


of caesium. Therefore a true surface must be 
1.35 times an apparent area. From Becker's ) 
similar measurement, it was concluded that . 
the true area of a tungsten filament was 1.5 
times the apparent. 

Thereafter, in the measurement of accommo- 
dation coefficient of tungsten for inert gas, 
Roberts“) compared the number of adsorbed 
hydrogen molecules with the number of tung- 
sten atoms in the surface of filament. If 
filaments are smooth and one atom of hydrogen 
are adsorbed per one atom of tungsten in the 
surface, the number of molecules which can 
be adsorbed, will be 3.9-10. According to his 
observation, the numbers adsorbed were 4.2, 
44 and 4.310 Therefore we must suppose 
that the roughness of the filament increases 
its true area in the ratio of 4.4/3.9 or 1.1 times. 


§2. THEORETICAL CONSIDERATIONS. 


In a thermionic filament the underlying base 
may be considered to be covered by pyramidal 
crystal faces and not needle-like or sheet-like 
structure as a blackened surface. The sum 
of the area of bases is the apparent area, 
and the sum of the area of covering crystal 
faces is the true area, 

In general, we can express every crystal 
planes and base by the vectors which have 
the lengths equal to their areas and the diree- 
tions parallel to 
their normals. Zz 
Let the vectors, 

OP; OA, OB, Oc 

and etc. mean the Cc x 
base and every 
crystal plane, 
then there must oe 
be the following 
relations, Fig. 1. 


: 
> — 

OP=OA+0B+0C+ sheets ; (2) 
In the most. simple case where only 
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planes cover the base, if we make the coordi- 
nate axes parallel to thre@ vectors OA, OB 


and OC, the absolute values of three vectors; 
|OA!, ;OB, and ‘OC’ are equal to the com- 


ponent of the vector OP, and OP must lie in 
the region of solid angle XYZ of Fig. 1. And 


zz —_ 
when OP has the constant length,i'OA', OB! 


and | OC; are determined by the directions of 


> 
OP. If the frequency distribution of OP in 
the region of XYZ is independent of OP’, 
we get as the face excess, the following 
expression: 

pa {(OA'+0B,+ 0C)gwdw _ 

OP|} xw)dw 

where gw} is the frequency distribution func- 


1, (3) 


tion of* direction of OP. Some years ago, 
Tonks) calculated the face excess from the 
following assumptions: (i; Only three crysta! 
faces cover the base. (ii) The crystal] orienta- 
tion with respect to the underlying plane dis- 
tributes in the whole directions with equal 
probabilities, that is, gw) is independent on w. 
(iii) As for the relative: abundance of face 
types, given the type present, these occur in 
such a way as to give a minimum surface 
area or a minimum surface energy. Intro- 
ducing his first assumption, he could avoid the 
complicated calculations, theory became very 
simple, but it has not been assured experi- 
mentally, On the contrary it is better to con- 
sider that there exist less frequently the con- 
figrations which have large area, because they 
have large surface energy, and more than 
three crystal faces can abundantly cover the 
base, when they have less area than that of 
three; Apparently his second assumption may 
be reasonable, but the author considers it to 
be not so; especially, in the case where more 
than three faces cover the base, this assump- 
tion is not moderate undoubtedly. 

The form of erystal is principally determined 
by the velocity of growth of crystal plane. 
If we designate the area and the perpendicalar 
from the centre of cystal to crystal plane by 
Si, Sa, cr and hy, hs, «++ , and assume that 
S: is the function of only hk, we get the 
following relation: 

S.=a.h, 

where a; is the constant of integration and 
the function of growth-velocity, v.=dh;/dt and 
the angle between’ the face and the neigh- 


A 
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bouring faces. When the ratio of v,/v, is in 
the neighbourhood of one or extreme values, 
by simple geometrical consideration we get 
the following relation: 


a: _(1\" \ 

aa (ye (4) 
where f is the function of directions of crystal 
faces. Usually f is the degree of one or ten, 
but v,/v, is infinitely large or very small (~0: 
Therefore we may assume that’ 


QV ~avy~ , (5: 


The ratio of velocities of growth of two 
crystal faces is given by the following ex: 
pression(5) ; 


tinceme(fe- fh) 
where c, and cz are constants and F, and F: 
are surface energies of the crystal faces per 
unit area respectively. Surface energies F. , 
and F; have not been accurately determine:} 

by observation, but may be order of some 
hundreds or some thousands ergs per em’, 
Outgassing of a filament are usually carried 
out at the temperature of between one and 
two thousand degrees. For instance, in the 
case where 7~2000 K, F,/F:~1.1, F:~100 ergs 
per cm’, v,/v, ~ exp(3.5-103, That is, v, is 
enormously large compared to »v,, and @, is 
very small compared to a; As we shall see 
later, the mean values of area developed are 
in proportion to @;/? and only the net planes 
which have the minimum surface energy, i.e. 
the maximum a., can be developped. In body- 
centred cubic lattice, dodecahedral faces have 
the minimum surface energy. In considering 
the interaction with the first and second nearest 
neighbouring atoms, we get the following reia- 
tions, F(100)/Fo)~1.08 and Foy/Fow)~1.11. 
In face-centred cubic lattice, octahedral surface 
have the minimum energy. When we consider 
the interactions with the nearest neighbouring 
atoms, the ratio of surface energies are as fol- 
lows: F(100)/Fo1y~1.15 and F(10)/Fany~1.02. 
That is; it is sufficient that we considerel 
only dodecahedral faces in body-centred cubic 
lattice and only octahedral faces in face- 
centred cubic lattice. This conclusion coin- _ 
cides with Langmuir’s opinion, for tungsten { 
of body-centred cubic structure, Let f.S) means 
the probability that a crystal face has a larger 
area than S, and g-ds the probability that a 
crystal face has the area between S and S+dS, 
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the following relation exists, 
‘af _ , 
—_ ds =¢. ( ) 


According to the increment dS of a surface 
area, the perpendicular to the surface increases 
by dh, where 
dh=x4 ve rit (8) 

Every crystal grain grows from its nucleus, 
ot which the orientation and the position 
distribute at random, and stops its growth, 
when its crystal face collides with crystal 
faces of other crystals. The probability that 
a crystal face stops its growth between S 
an S+dS is as follows: 


“2 dS. (9) 
i 


where # is the number of nuclei per unit 
volume. 

Therefore the probability that a crystal face 
grows from S to S+d5S is a to 


(1—Senedh} =(1- ns Sas) (10) 
Accordingly the number of a faces which 
have an area larger than S+dS, i.e f\S+dS, 

‘is given by the done. Sw 


f£S+dS)=fS) (11) 


Expanding the left ier side of the above 
equation into Taylor's series and retaining its 
first and second.terms, we get the following 
differential equation, 


df __—nvS" 


Integrating it, we have 
f=constiex( —3"r= sin), 
Va 
Differentiating by S, and normalizing it such 


that | vds=1, we have the final distribution 


function as follows: 


baal Fy Ey A Sex ~ 55 ie 35"), (18) 


This cite nlc means that of the interior 
an is not equal to that of a surface, because 
only one part of every crystal face can be 
exposed abundantly ina surface. In the cases, 
where crystal faces cover the hase, the distri- 
butions does not obey (13, and in more than 
three crystal faces, some faces obey (13) and 


the other faces show the different distribu 
tion as we shall see later. Therefore, using 
(13) instead of exact distribution function 
we shall get the over face excess. When we 
assume that the probability that crystal faces, 
of which the area is S, expose the area bet: 
ween s and s+ds in outside, is equal to ds/S, 
we get the corrected distribution function as 
follows: 


rodaa 3 9Sds. (14) 
As before, we use vectors for faces and base 
and designate the direction cosines and the 
area of #-th crystal face with lL, m., nm, and $s. 
and the components of the base, X, Y and Z 
Then we get from the vector equation of (2) 
the following relations: 


X=Xsl, Y=Xs.m; and Z=Ts.n:. (15) 
And the teh of the base is ; 

V X#+Yi+Z | 

=(issibbet+ mim tna)", (16) 


Therefore the obtained formula of face excess 
is as follows: 


- f---|xs.b/s b's.) ds,dsy:-- re. 
ee na Senne ream Sy 
| ).--\ VES s:)-dsids,-- ; 


where H=Xssibht+mom +nm,) and p ii 


equal to ¥ or ¢ according to the positions 0: 
surfaces. But these formula are too co 
plicated and laborious to estimate in practi 
and moreover, as mentioned in the first par 
graph, the observed results do not coincide i 
each other within the probable error 6 
measurement. Therefore, sacrificing the a 
curacy we may adopt the following approxi 
mate formula as the face excess in the plac 
of the above exact expressions, 


J--(3s.s:(s)- ds,-+- 
I wae ke 
J++) HB(s.)-ds, 


This rough approximate formula does n 
deviate more than one tenth, and are sufficie 
for the purpose of this paper. 

Integrating them, when all p are equal t 
v or ¢, we have 


‘eae +tNN-— aeenml a 2 


N<S!>2Enacs>? fh 29)! 


1/2 


E.= 
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_where the terms in bracket < > means the 
averaged values, #;: is Lli.tmyn.itnm,, and 
N is the total number of exposed crystal faces, 
_ Using the ¢ distribution we get the following 
averaged values: 


<S>=["syisyas 
=377), Siexp( —5 avs dS 


Bees ay i 7G )= o.oo2e(*¥-4 yi", (20) 


where i is the gamma function. And the 
square mean value of area is as follows: 


<S'>=["S'y.s)as 


=a72( Sie -H75 ng VS')as 
=| we v Tg) = 190722)" (21) 


When we use the latter formula of the dis- 
tribution function, the averaged area is as 
_ follows: 


aces ¥ “s¥is'ds 
=0,90 Eva a\*" {3 dt _y 4513(2¥ 4 Va ay" (22) 


And the square mean poet of area is as 
follows: 


<S'> 5a) sV?ds 


1 ” 3243/2), 
“| TEM aya Aig: 
= 0.3969, ate Me (23) 


Therefore, for the cases where the frequency 
distribution of all crystal faces are ¥, we get 
from (19, (22) and (23) the final formula as 
follows: 


_(1.9481N+N.N—1))¥2_ : 
wit 1.9481N+2 3 = ‘ (24) 


$3. COMPARISON WITH TONKS’ 
RESULTS, AND THE CORRECTION OF 
THERMIONIC CONSTANT OF PLATINUM. 


First, in order to compare with the results 
of Tonks’ theory, we calculate face excesses 
for the various cases as follows, though these 
are not considered to be realized. 
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(i) Three cubic taces (X, Y and Z in Fig. 2): 
E {Tonks}=0.50 and E;=0.42. (ii) One cubic 
and two dodecahedral faces (C, B and Z in 
Fig. 2): £.=0.11 and E,=0.10. (iii) Three 
dodecahedral faces (A, B and C in Fig. 2): 
E£ =0.16 and £;=0.15. (iv) One cubic, one 
dodecahedral and one octahedral faces (C, D 
and Z in Fig. 2): E =0.09 and E.=0.08. 
That is, these two sorts of face excesses, 
which base on the complete different assump- 
tions, are in fair agreement. 


Fig. 2. 


It is necessary to estimate the face excess 
of face-centred cubic lattice for the correction 
of thermionic constant A of platinum. As 
mentioned above, in this case only octahedral 
crystal faces are developped. Probably, three 
faces like A, B and C in Fig. 3 or four faces 
like A, B,C and D cover the base. Of course, 
the distribution function in this case is ¥ in 
four faces as well as in three faces, The 
calculated value of each excess by (24) is 0.34 
or 0.28 respectively. The ratio of numbers of 
both configurations is 4 to 1, and the weighted 
mean of face excess is 0.33. In previous paper, 
the author assumed the excesses of 0.10, 0.25 


and 0.40 for platinum filament and obtained 


the most reasonable value for 0.40. 


Fig. 3. 
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$4. COMPARISON WITH THE 
OBSERVED VALUES. 


In order to compare the above theory with 
observed results, it is necessary to compute 
excess for the case of body-centred cubic 
structure like tungsten. As before mentioned, 
in this case only dodecahedral faces are 
developped. The results obtained by this 
theory are shown in the following table. 


surface area. The weighted mean value of 
excess is 0.49. This value is in good agree- 
ment with Langmuir’s and Becker’s measured | 
values, but different from Roberts’. Six faces 
are sufficient to cover hemisphere, and we) 
omit the last two configurations in the table, , 
then we get the excess of 0.41. 

As mentionel above, the formula of (18) ) 
and the like are the rough approximation, and | 
the exact theoretical values may be from 0.3) 


Table T. 


No. of Crys. Faces Crys. Faces (Fig. 4) 


iN) 


a, bb c 
a,b d 
ay cy e& ff 
ar by cy d 
a, b*, c, d, e 
a, b, co e f 

a, b*, c, a @& £ 

a, ly & ey f, g 

a, b*, c, d e*, f, g 

a, b*, c#, d, e*, f*, g, h 


ant nnanina kh & & 


1.15 


o&ESEPRSKEaAR © 


Crystal faces which show the distribution 
of (18) are marked with asteriks. The direc- 
tions of crystal faces designated by a, b and 
etc. are shown in Fig. 4. The above tabulated 
taces are selected in order to minimize the 


Fig. 4. 


to 0.5 for face-centred cubic lattice and from | 
0.4 to 0.6 for body-centred cubic lattice. The: 
experimental values of Langmuir and Tonks, . 
which are too large compared with their ' 
theoretical values, are proved to be theoretically: 
reasonable. 
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$1, INTRODUCTION. 


It was observed by Talbot), Lord Rayleigh®) 
id Winkelmann) that a beam of monochro- 
atic light, when transmitted through an op- 
cal grating perpendicularly, produces an 
nage of the grating, consisting of bright and 
irk stripes of the same periodicity as the 
ating. This image, however, is “not merely 
‘shadow of the grating”, according to Ray- 
igh, and shows the following peculiarities. 
he image vanishes periodically along the dis- 
nce behind the grating, and the positions of 
e bright and the dark stripes exchange one 
lother on crossing over the distances of 
ishing, These circumstances are illustrated 
hematically in Fig. 1, where GG’ means the 
ating, V;, V2, «+ mean the planes of the 
inishing of the image, and A,, As; ---" those 
‘the maximum visibility of the image. The 


AM AM Ay YS AM As 
Fig. 1. Fresnel’s diftraccion phenomenon by 
an optical grating (Talhot’s phenomenon). 


\ short account of this paper was published formerly 
n Japanese language(). 


periodic distance of the recurrence of the 
same state of the image is given by 
d=2a'/A, (lel) 
where @ is the lattice constant and J the 
wave-length of the light (Cf. Fig. 1). 
Observations similar tu the above mentioned 
case of the optical grating were made some 
years ago by the present author‘®) and by 
Parthasarathy for the stationary ultrasonic 
wave, and then by Hiedemann and Schreuer 


Fig. 2. Periodical exchange vetween the phase-lattice 
end the amplitude-lattice by the Fresnel’s diffraction 
of light oy an ultrasonic grating. 

(a) progressive ultrasonic wave. 
(b) stationary ultrasonic wave. 
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for the progressive ultrasonic wave. The 
theoretical explanations for the periodicity of 
the image are given by the present author‘®(®) 
and by Nagendra Nath®). The observations 
for ultrasonic waves are illustrated in Fig. 2, 
together with the newly calculated phase re- 
lations. The phenomenon for the stationary 
ultrasonic wave (Fig. 2(b)) can be obtained as 
@ time average from the case of the progres. 
sive ultrasonic wave (Fig. 2(a)). (To obtain 
the image of the progressive ultrasonic wave, 
it is necessary to use an intermittent light 
source (the high frequency stroboscope) of the 
same frequency as the ultrasonic wave). 

The observations and the theoretical calcu- 
lations up to the present time, however, were 
concerning exclusively with: the intensity rela- 
tions or rather on the periodicity of the image, 
but not with the phase relations of the wave- 
surfaces, although Nagendra Nath and the 
present author have assumed the existence of 
a pure phase-lattice (corrugated wave surfaces 
of light) in the plane of emergence of light 
from the sound field. This assumption was 
borrowed from the theory of Raman and 
Nagendra Nath) on the diffraction of light 
by ultrasonic waves, and is in accordance with 
the fact that the ultrasonic wave is not 
visible in the plane of emergence of light 
from it((6), 

The experimental investigation of the phase 
lattice is, naturally, not easy so long as we 
use the light-wave. So the present author 
has used the ultrasonic wave and have made 
some observations concerning the periodicity, 
and especially the phase modulation of the 
wave-surfaces in the Fresnel’s diffraction by 
a grating. The present paper treats this pro- 
blem briefly from both theoretical and experi- 
mental viewpoints, 


§2. THEORETICAL CONSIDERATIONS. 


1. Ultrasonic grating. In Table I is rep 
duced the calculated result for the expressio 
of the light wave of primary intensity unit 
received on a screen, after it has pass 
through the progressive ultrasonic wav 
These results are obtained by simple transfc 
mations of the previously ebtained expr. 
sions(8), The rise and fall of the phase-latti 
is illustrated in Fig. 2, together with the pr 
viously obtained results concerning the perioc 
change of the intensity-lattice. These figun 
are only schematical, and we will not tow 
here the problem of the intensity distributi 
accompanying a fine-structure, because it w 
fully treated before(*)@2), We can find int 
planes of vanishing of the image, the ce 
rugated wave-surfaces of the same form, 
those assumed in the plane of the emergem 
from the ultrasonic wave. The phenomen 
for the stationary ultrasonic wave is, as abot 
mentioned, given by a time-average of t 
phenomenon for the progressive wave, af 
the vanishing of the image at the distan 
4 4=A'/2A occurs merely as the time-averag 

2. Diffraction by an intensity-lattice. Nd 
we shall consider the case of the optical 
the ultrasonic wave diffracted by a suitah 
amplitude-grating. Wetake an intensity-latti 
of a lattice constant @, of which the hai 
width @/2 is transparent and another ha 
opaque to the waves. (More general cases: 
not difficult to treat, put we restrict oursel% 
to this special case because the present expe 
ment was performed under this condition.) | 

Now the diffracted light of each order! 
the Fourier component of the light-intens: 
distribution in the plane of the grating, 
that the emergent waves from such a grati’ 


Table J. 


err esas ee eeegegunantntensesmeutmnentsitsnninseneesiee se 


distance expression of the light wave nature of the wave 
ee eee 
0, 744, scents cos(wf—? sinK.v) phase-lattice 
24: 5, sree V 2 cos(v sin Kx —n/4)cos wt amplitude-lattice 
24, 6A, co cos (wf 4-v sin Kx) | phase-lattice 
34, 74, vero V 2 cos(v sin Kx-+n/4) cos wt | amplitude-lattice 


Table I. Expressions of the light- 


wave & behind an ultrasonic wave grating. (Abbreviations: 4=2n/A 
K=2niA, A= A'/24, v=2m8%ZJ4; Notations : L=WLength of the ‘| 


A light wavelength in air, A =ultrasonic wavelength, 
index of the medium produced by the ultrasonic wave. 


path of the light in the ultrasonic wave; 


6 =amplitude of the periodic change of the refractivet 


(Cf. Fig. 2(a)). * 


a 
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in the case of normal incidence, are given by 
a= cos(t—ky)+ + Ceosot—kiy—Kx) 
+ cos(wt—k,y+ Kx) 
—$cos(wt—ky—3Kx) 


~4 cos(wt—k3y+ 8Kx)+-+-++ 3 (21 


where 
k=27/A, kn=Vk*—(nK)=kY1—(nd/a* 

and where y is taken in the direction of pro- 
pagation of the incident light, and x in the 
direction perpendicular to the lines of the 
grating, the origin of the coordinate being 
taken as in Fig. 3. By omitting the common 
constant of the phase ky, we have, by putting 
k,=k—xn'xtdA/a, in the case 4/a< <1, 


= 008 wt +3{ cos (wt+z A y—Kz) 


+ cos( wt + re A y+ Kx)¥ Beat } 


From this expression we can easily obtain 
Table If for the expressions of the light wave, 
in several characteristic distances behind the 
grating. This result is illustrated schemati- 
eally in Fig. 3. The phase corrugation in the 
planes of vanishing of the image is abrupt 
and its amplitude amounts to 45°, which cor- 
responds to the corrugation of the wave- 
surface of 4/4. The periodic distance is given 
by (1e1). 

If the condition 4/@<<1 is no longer satis- 
fiéd, as is the case in the present experiment, 
both the expressions (lel) and (2¢1) must be 
modified. The priodic distance should satisfy 
simultaneously the following conditions 
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Fig. 3. Periodical exchange between the amplitude- 
lattice and the phase-lattice behind an diftraction 
grating of the intensity-lattice .ype. 


d@1—cos 6, =ma, 

(m=1, 2, 8, «+--+ » m=arbitrary integer) 
which, combined with the expression for the 
angles of diffraction sin 6,=m2A4/a, can be ex- 
pressed also in the following form 


284-12) 


But it is of course impossible to satisfy them 
simultaneously unless 4/a<<1. We may 
take, nevertheless, the distance 


a= 728 (1-4 LA i.) (22) 


as the nearly aren distance of the 
phenomenon, because the higher diffraction 
orders are not present in this case. The 
angle of diffraction being restricted in the 
range @,<7/2, the distance (2¢2) becomes 
practically the exact period in many cases, 
when A~a. This is also the case in the 
present experiment, where A=a/2, and where 
we have only the 9 and +1-st orders as the 
diffracted waves. The second orders are not 
only of grazing emergence, but their intensities 


Table II. 


distance 
0, 44, cree ot acos we 
4, 5A. ° —qe08 wt +B), { 
24, 64, é (1—e9) cosw? 
St TAY axe 


Table II. Sabeae act of the light wave & behind an grating. 


son’c wave-length.) 


expressions of the wave 


B=n/4 for |x|<a]4 
B=—n/4 for af4<|xial2 


ple (wt—B) (B=n/4 for bi<al/4 
oe SS ? \p=—n/4 for af4<|xlCa/2 


nature of the wave 
amplitude-lattice 
phase-lattice 
amplitude-lattice 


phase-lattice 


Ke=2nja, 44=2a*]d, 


boast =[~s Kx= 500s 8K. v) 4 05 5K. 1) F cove 3 Notations :/ @=lattice constant, A=optical or the ultra- 


(Abbreviations : 
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are zero from the beginning. (The vanishing 
of even orders is the result of the equal 
width of the lines and gaps of the grating.) 
As to the form of the phase-lattice, the 
exact calculation is impossible, unless the 
intensity distribution among the orders of the 
diffracted waves is known. But we can per- 
form an approximate calculation by assuming 
the amplitudes of the 0 and the +1-st orders 
to be the same as in (21, and omitting the 
higher orders. Thus we obtain the intensity. 
and the phase relations as represented in Fig. 
4, The wave form in this case is not rec- 
tangularly corrugated, but is approximately 


Fig. 4. Approximate result for the form and 
amplitude of the wave-surface at the phase- 
lattice positions. 

(a) phase distribution (wave-form). 
(b) amplitude distribution. 


harmonically corrugated in the planes of the 
phase-lattice. At the same time, the ampli- 
tude-lattice is not completely lost in the phase- 
lattice positions, the change of the amplitude 
ranging from 1 to 1.6 in relative magnitudes. 
The positions corresponding to the crests and 
the bottoms of the valleys are more intense 
than on the slopes. The amplitude of the 
phase-change in this case is 52’. 


§3. METHODS AND THE RESULTS OF 
THE EXPERIMENT AND DISCUSSIONS. 


The experimental arrangement for producing 
the images of the wave-surfaces is shown 
schematically in Fig. 5. P is a pin-hole, 


Fig. 5. Apparatus for obtaining the image of the 


wave-surfaces. 
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through which the monochromatic intermitten 
light emerges. We used an ultrasonic strobo 
scope of the stationary wave type, aS wa 
first used by Becker, Hanle and Maercks(® 
The two quartz plates, Q@ and Q’ were con 
nected to a common valve-oscillator, and con 


-sequently the frequency of illumination wa 


twice that of the ultrasonic wave. The wave 
surfaces produced_in this manner are conse 
quently half wavelength apart. TJ is a tan) 
containing the liquid, in which the progressiv: 
ultrasonic wave is produced by the oscillatin; 
quartz crystal Q, and G is the diffractio: 
grating, composed of parallel steel bars (1 mr 
in diameter) in equal intervals (gap 1mm 
lattice constant 2mm), whose directions bein: 
parallel to the plane of the figure. L is 
collimator lense to produce the parallel bear 
of light, and Ph a photographic plate place: 
at the first position of maximum visibility o 
the progressive ultrasonic wave. A, A’ ar 
the sound absorbers to prevent the formatios 
of stationary waves, 

In order to obtain the image of this amp) 
tude field of the ultrasonic wave we used th 
Arrangement shown schematically in’ Fig. 


Fig. 6. Apparatus for obtaining the image of the 
amplitude distribution of the wave-field. 
(method of the striae). We obtain this arrang; 
ment from that of the previous figure, simp; 
by disconnecting the quartz Q’ of the strobi 
scope from the oscillator, and by inserting ¢ 
lense O and a light-barrier B behind the tam 
In our arrangement, B was placed in the foc 
plane of the objective lense O 
order to cut off the undiffractié 
light (optical image of the pp 
hole), so that only the diffracté 
light can arrive on the phot 
graphic plate Ph’, on which 
focussed the plane of emergeni 
(Em) of the light from the sour 
field. Thus, the image 
the abilities for diffracting ligy 


f the ultrasonic field (integrated in the direc- 
ion of the incident light’. And the brightness 
f the image corresponds to the amplitude- 
stribution of the ultrasonic wave so long as 
e amplitude does not exceed a certain limit 
2.4). This arrangement corresponds to 
e one originally used by Hiedemann and 


(1) 
normal incidence. 


(2) 
angle of incidence 
10°. 


(3) 
angle of incidence 


26.5". 


(a) Wave-surfaces. 
Fig. 7. Fresnei’s difiraction phenomenon by grating. (Talbot’s phenomenon). 
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Hoesch(™) and by Baer‘), 

Fig. 7 represents some typical photo- 
graphs obtained in these manners, where the 
left column (a) shows the wave-surfaces and 
the right column (b) the amplitude-fields. The 
rows (1), (2) and (8) correspond to the angles 
of incidences of 0’ (normal incidence), 10 and 


(by) Amplitude-field. 
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(a) (p) 


Fig. 8. Enlarged photograph showing the corrugated wave-surfaces (p phase lattice, 
a-ampiitude lat.ice)-. 


26-5° respectively. 

On.comparing these photographs with the 
calculated results of Fig. 4, we find a fair 
agreement among them. The observed 
periodic distance in case of the normal 
incidence is 


dov:.=7.3 mm, 
and nearly coincides with the value 
d:a1.=7.5 mm, 


calculated from equation (2«2', assuming the 
lattice constant @=2mm, and the ultrasonic 
wavelength 4=1 mm. 

The amount (2xamplitude) of the phase- 
corrugation observed in the planes of the 
phase-lattice is nearly. a quarter wave-length, 
as is seen on the enlarged photograph of Fig. 
8. Whether the amplitude is 45° or 52’ cannot 
be concluded from experiment. The corru- 
gated form of the wave-surfaces are more 
resembling the curve of Fig. 3, as is to be 
expected. Moreover, there is some tendency 
that, the intensity along the wave-surface at 
the phase-lattice positions is not uniform, and 
corresponds qualitatively well to the calculated 
one in Fig. 4 (b. Thus on the whole, the 
experimental result confirms, the periodical 
rise and fall of the amplitude and the phase- 


lattices and the exchange between them very 
well, 


(a) (p) 
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INTRODUCTION. 


The molecular siatistical theories of rubber- 
ce substances have been developed by many 
orkers since W. Kuhn’s pioneer work ap- 
sared in 1936), In our country a consider- 
yle progress has been achieved by some 
orkers), but most of their works have not 
at been published because of the war. The 
esent paper and the ones which are shortly 
. follow are to be offered to the descriptions 
the results I have gained in these years. 
The statistical theory of linear polymers is 
vided into two distinct regions; first, the 
tramolecular statistics or the theory of a 
ngle giant molecule, and second, the inter- 
olecular statistics or the statistics of the 
stem composed of a number of macro- 
olecules interacting each other in a very 
mplicated manner. The latter must be built 
yon the basis of the former. So I want to 
scuss here only the first problem which will 
ter be developed to theories of elastic and 
tical properties of vulcanized and raw 
bber. 

The mathmatical means used here is the 
ethod of generating functions well known 
the probability theory. This leads us to 
| eigenvalue problem, the eigenvalue of 
1ich determines the free energy and the 
renfunction gives the distribution function 
cessary for treating the problem of double 
fraction. 


$1. PARTITION FUNCTION OF A 
CHAIN MOLECULE. 


As is well known, the intramolecular motion 

a long chain molecule consists of the 
ange in bond distances and valence angles, 
2 tortion&al vibrations or rotations of the 
eleton, and the vibrations of the side chain 


groups. Various modes of vibration of the 
skeleton are coupled together, and form bands 
in wide regions of frequency. But rigorous 
treatments are almost impossible in the cases 
of complicated forms of the chain caused by 
the freedoms of internal motion. 

Here we take rather the Einstein model, 
each submolecule vibrating in the force field 
determined by the mean distribution of the 
surrounding ones, because the vibrational 
waves cannot propagate along the whole 
molecule on account of the irregularities of 
its form. Vibrations of atomic distances and 
bond angles are quantized at ordinary tem- 
peratures, but the to_tional vibration can be 
treated classically, the potential barrier heing 
relatively low. 

We are mainly interested in the partition 
function as a function of parameters specify- 
ing the forms of the macromolecule or the 
relative probabilities of the forms it can 
assume. So the tortional motion is the most 
essential, and other degrees of freedom in- 
cluding all the kinetic terms can be separated 
as mere factors at least approximately. 

We take several submolecules as our element 
of the chain, which is enough to allow us to 
assume that only the correlation of two neigh- 
boring elements is to be taken into account. 
We specify the configuration of each element 
by a set of variables q, so its skeletal length. 
in the configuration q is represented by a 
vector aq. Thus in essentials we neglect the 
finite volume of the constituent submolecules, 
the effect of which is analogous to the case 
of van der Waals correction in imperfect 
gases, and it may be neglected in the first 
approximation. As the number of the 
elements is large, the apparent extent is 
proportional to #%/2, their real volume being 
proportional to m. The partition function 
corresponding to the configuration in which 
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the radius vector (or the length of the chain’ 
y connecting the two ends of the chain falls 
within the elementary volume dr near r has 
the form 


Z(r\dv=((--(exp—E/kT daidge--dq., (1) 


where the integration is to be taken over all 
configurations satisfying the condition 


rSdaq)Sr+dr. 
r 


In Eq. (1) Eis the energy of the configuration 
G1, G2, **°°* » Qn. This is the sum of the inter- 
action energy terms between two neighboring 
elements. This enable us to introduce the van 
der Waal’s correction to a certain degree. 
The partition functions (or the relative : pro- 
bability) Z.,{r-q, of the configuration in which 
the length vector is r and the end element 
has the-configuration q satisfy the recurrence 


formula 
Z(t, D= {exp ("$7 


XZ n-i(f—@q),q)dq’, (2) 
where e is the interaction between neighbors. 
We put 


exe —y)=K a9) (3) 


and name this correlation function. It can be 
seen at once that 


ZAv)=(Z utr, @ da. (4) 
We introduce the Laplace transformation 
Q8%,.q=|Zlr,qiemisrdr, (5) 
And Eq. (2) is transformed into 
Ql, a)=(exp 8a)} (Kia, )Q's-115, dq’. (6) 


The solution Q’, must be the linear combina- 
tion of terms 4"¥, determined by the eigen- 
value problem, 


XOE(s,q =(expsa)}(K aq ¥is,q‘dq. (7) 


Since 2 is large, the prominent term is that 
of the largest 2, while the others can be 
omitted asymptotically. @,s) or the Laplace 
transformation of Z,(r) is obtained from 


Q.(8}= 08,4 da, (8) 
and Z, itself from 
Zie)=(saz)||\Qleexm—enas, (9) 


where the integration is te be taken along thi 
path from s*—#20 to s*+io. Put ; 
Q'.(8, =A 8)¥(, g) 
=¥(s, gexpinyp(s)’. (10) 
We can evaluate (9; by the method of steepes 
descent to be 


sc{s) 
2 BaP ¢ np” sve 
x exp{ #f2's)—sr}. - {iy 


s being determined as a function of 7 from: 
ap _ | 


where s and 7 are the magnitudes of vector 

$ and r respectively and both vectors ar: 

parallel to each other. The coefficient c i 

a normalizing factor related to #7. Helmholti 
free energy F is given by 
F=—hkT log Z.(7; 
=kT sr—nKs)) 

+terms of lower order of #. (li 


The tensional force X applied to the ends or 
the chain is 


X=_=hkTs. (14, 


The physical meaning of s first. introduced a 
a mathematical convention is now clear; it i 


: proportional to the force. So the logarithn 


of eigenvalue 4 gives nothing but the Gibb 
free energy, namely 


=—nkT (3). (15) 


Thus we know that the free energy is propor 
tional to #, that is the number of element: 
so that it is also proportional to the numbe 
of all the consitituent submolecules, and th 
chemical potential per one submolecule i 
proved to be some fraction of that of a 
element derived above. 
Similarly we can easily get 


sf s 


' Nes. __S¥ Sq) __ 
2) 7, O= On Pr np zexp(nyt—sr), (16) 


which shows that ¥ is the distribution fun 
tion of end element when the length is 7. | 
can also be proved without difficulty that th 
orientation probability of constituent element 
is given by 


¥=(¥(s, q)}*exp(—se) 
/ fers, q)'exp(—sa)dq, a7) 
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$2. MEAN VALUFS OF POWERS OF 
THE LENGTH. EXPANSION 
FORMULAE. 


When # is sufficiently large. oe r is spheri- 
cally symmetrical, for the asymptotic distribu- 
tion of 7 does not depend upon the orienta- 
tion of the first few elements. This is a case 
of the generalized Marxoff’s theorem. So 4 
involves only the magnitude of vector s. 
Expanding 2, # and Q,'‘s) as power series of 
S, the following formulae may be obtained. 


A= + gastt grlstton, (18) 
J [yop Has! top ast whole ; (19) 
Po=log dn, fe=ad2/dy 

fy=(Ai] Be) —-gAel ao (20) 


7'=NfLr, Fix nt P+mpy | 
gs (21) 
PSG M+ Tn aft, + nbs J 


tag=5 HS+ op Hes + HS, (22) 
Bef es 
FankT| 5 or Ft th on ] ea 


$3. CHAIN WITHOUT CORRELATION. 


lt is instructive to consider the case where 
K is constant and equal to 1/4z. Then the 
solution of (7) is 


j= mh 85, ¥ = exp as cos 6, (25) 


where @ is the angle between the length vecior 
r and the elementary: vector a, and a is the 
magnitude of a. It can be easily seen that 


Ay day Ay cr are equal to 1, a’, a', ---- re-, 


spectively. The equation (12) takes the form 
using the Langevin function L. 


r = thal s rin) 
ie Lx\=coth x re (26) 


$4. SOLUTION FOR SMALL s. 


jn this section we discuss the relatively 
simple case where our elements can be repre- 
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sented by mathematical vectors with equal 
length @ and with correlations only between 
two neighbors. Though it does not correspond 
exactly to the tortional motion of the chain 
but rather the variation of bond angles, we 
can take a few skeletal units together as our 
element and apply the theory introducing some 
proper interactions between them. By this 
model the free rotation with constant bond 
angles can be treated rigorously, while tae 
hindered internal rotation approximately. 
Another method of rigorous treatment will 
be given in another article. 

In this case the correlation function K in 
Eq (13) involves only two variables, that is, the ° 
vectors aanda. Denoting the angle 4as by 
6, we expand the eigenfucntion ¥ as follows, 


¥=¥,+¥,'s)P,(cos 0, 
+¥ 5 Pi(cos O4+:---, (27) 
woaere ¥, is a power series of s beginning with 
s’. Tae correlation function is assumed to be 
K(a, @’)=K cos7, (28) 
where 7 is the angle between the two vectors 
a@anda. Define Du by the expansion coef- 
ficients of 
Pcos @: exp ‘as cos 6) 
=2Du (as:P; (cos 6}. (29) 


Tnen by the theorem of spherical harmonics, 
(7) becomes 


AP 1 =LTDe: Ce ¥ 2. i80) 
The cx is the mean value of P,‘cos7., namely 
a=(\\K (cos 7; P; ‘cos 7) du. 31) 


Correlation function K may be normalized so 
that c, and 4) are equal tol. When s=0, the 
largest eigenvalue 2 is 1 and it must increase 
continuously with s. Using power series ex- 
pansion of D,, we can determine 2d, A, --*--- ; 


and ¥,, Ys, step by step. The results are 
ge : 
sep say er ae, Jem MEP 
v= ioe ot eens ; 
y a's? 1+¢,) Peers (34; 


a KI —e2Xk1—e3) 
Other formulae are omitted here on account 
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of limited space. For the chain rotating freely- 


with constant bond angle a, 
€,=Cos 4, a=78 cos*a—1,. (35) 


The function %, and ¥, are essential in the 
theory of double refraction. 


$5. SOLUTION FOR LARGE s. 


The asymptotic property of the chain as s 
tends to infinity can be known also from (7. 
Without going into details, we shall remark 
only the results. Equation (42) takes asymp- 
totically the form 

4 P2=1—(1/a*s). ‘36, 
Here 7. is the maximum length and a* is of 
the same order of magnitude as a. It must 
be determined by the nature of the correlation. 
The free energy is given by 


—(nkT p../a*) log (P«— 
Po=7r./na. (37) 


§6. CONCLUDING REMARKS. 


In the next step we must. consider the 
nuture of the internal rotation more closely. 
We might take as a better model the case 
where the bond angles are all equal to the 
tetrahedral angle and the skeleton coordinates 
on a diamond lattice. The correlation between 
three or four elements is now taken into 
account. Their planar forms is most stable, 
and the other forms are of higher energy. 
Detailed discussion of this problem will be 
given in another paper. Here we only remark 
an approximate results 


(Vol. 2 | 
a= ; a’? exp(U/kT, (38) 
U = gas 0 exp (U/kT, —(89) 


v= a a's’? , exp(2U/kT, 


where a is the distance of the skeletal bond. , 
These are only valid for U/kT far larger’ 
than l. 

There remains more details to be discussed | 
concerning the intramolecular statistics: for: 
instance, the van der Waals corrections, , 
orientation probabilities of constituent dipoles: 
if any, the extent of the chain and so on.. 
The mathematical method used here is fairly; 
powerful and can be applied to other pro-: 
blems, especially to the theory of Brownian: 
motion. 

The author wishes to thank Prof. Ochiai’ 
and Prof. Kotani for their continual interest: 
given to this work. 
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INTRODUCTION. 


Recent progress in the theory of rubber-like 
lasticity is rather remarkable. Since the 
forks of W. Kuhn‘) much has been done, 
nd now ft forms an important branch of 
fatistical thermodynamics. Kuhn's theory 
ras the first that succeeded in finding a rela- 
on between the Young’s modulus and mole. 
ular constants such as the molecular weight. 
lis result is 

&=7dRT/M, (1) 
here e.=initial value of- Young’s modulus, 
=density, R=gas constant, T=absolute tem- 
erature, M=Molecular weight of a single 
tant molecule. He found that M was pre- 
icted to be 30,000 in rough agreement with 
eperimental results. 
In spite of its apparent success, his theory 
an not stand severe criticism from the view 
pints of statistical mechanics. Since the 
acro-Brownian motion of a large molecule 
inhibited in rubber state, its weight M/ can- 
x% appear in thermodynamical equations. 
oreover, according to him most molecules 
ith curled form do not contribute to the 
itropy changes caused by elastic deforma- 
ons, and the elastic stress is produced by 
e contribution of relatively few “ fluctua- 
ng molecules.” Is this “fluctuation” effect 
sential to the rubber elasticity? We must 
y “no” from general concepts of thermo- 
mamics. These difficulties have been pointed 
ii by several workers@4©), Among them 
‘kaiO) has criticized these points most 
early. It is not hard to see the origin of 
ese difficulties. It lies in an internal conflict 
the theory. 
The first step of construction of the theory 
to grasp clearly the correspondence of the 
acroscopic variables, e. g. strains, to the 
olecular variables. When this is done, it 


depends mainly on a mathematical procedure 
to derive thermodynamical functions as func- 
tions of macroscopic variables. This requires 
us some clear mode! visualizing the states of 
molecules. 


§1. NET-WORK STRUCTURE. 


A great number of macromoiecules is con- 
tained in a block of rubber, which interact each 
other in a very complicated way. In addition 
to repulsive and attractive forces between 
submolecules which construct macromolecules, 
lateral junctures between macromolecules must 
exist owing to vulcanization and entanglement 
characteristicto long chain molecules. Under 
these interactions it shows the peculiar rubber 
elasticity in a proper temperature region. 
Macromolecules must be held each other con- 
siderably tight, since they form an 4morphous 
solid. On the other hand the structure should 
be so loose that submolecules can wander 
over distances far larger than in ordinary 
solids. 

This is revealed in the fact that deforma- 
tions can be very large, and that the Poisson’s 
ratio is close to 1/2. Young’s modulus e, 
Poisson’s ratio o, and compressibility K are 
connected by 

e,=K(1—20) /3, (2) 
In rubber-like substances e, is far smaller 
than, while K is of the same order of magni- 
tude as, those of ordinary solids. Thus o 
must be approximately equal to 1/2. In a 
sense rubber is like liquids, but its structure 
must be so firm as to forbid its parts to flow. 

This characteristic property is visualized 
most clearly by the net work model (Fig. 1). 
Chain molecules form a three dimensional 
net, its lateral junctures being chemical or 
secondary due to van der Waals attraction. 
The parts of chain molecules lying between 
the junctures are wandering among their 


loth 


“at 


The net-work model. 
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Fig. 1. 


various configurations by thermal agitation. 
The deformation ot the whole block causes 
changes in this thermal motion and also in 
secondary junctures. Changes in the latter 
requires some activation energy and relaxation 
phenomena may naturally be expected. This 
is essential in raw rubber. If vulcanized, 
junctures are almost of chemical nature and 
quite rigid, so that their changes can be 
neglected. 

The compressibility of rubber indicates that 
the cohesive forces are of the same nature 
as ordinary solids. They are primarily due 
to attraction and repulsion between hydrogen 
atoms. Primary bonds are not affected by 
any change in the ranges of temperature and 
deformation of our interest. Therefore, we 
can put them out of our consideration. Then 
the cohesive energy will be approximately that 
of a virtual liquid consisting of elementary 
submolecules. It may be supposed to be 
somewhat of the form shown in Fiz. 2. as a 


Fig. 2. 


The cohesive energy. 


function of the volume v per element of the 
chain. The structure of the net is determined 
by the relative values of cohesion, thermal 


energy of chains, and binding energies of.. 


secondary junctures. As will be shown later, 
the latter two are far smaller than the first ; 
that is the reason why the Poisson's ratio lies 
very near to 1/2. 


This paper treats only the case of vulcanized 
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rubber. It exhibits the characteristics almost} 
similar to ideal rubber. The theory of raw/ 
rubber will be given in a later paper. 


$2. GEOMETRICAL CONSIDERATION 
ABOUT THE-NET STRUCTURE. 


Let the total number of the junctures and! 
that of the elements be 5 and N respectively. : 
Furthermore, we assume that each chain con-; 
necting neighboring two junctures contains #t 
elements on the average. If 7 chains startt 
from one juncture, the total number of the: 
chains is 7b/2, so we get 


N= 57bn. (3) 


Let the length of a chain (or distance between: 
two neighboring junctures) be @P, in un-) 
strained state, where @ is the length of an: 
element of the chain, and P, is a measure of! 
its curling. Then the total volume: V can be: 
represented as 


V=0d nap,, b, ( 4 ) 
where 6 is a constant determined by the: 
structure of the net. The volume per element 
v is given by 

v=tnta' p,3, t=28/r. (5) 
It y=4 and the four chains make tetrahedral. 
angles, 6 would be-1.540 and r=0.76; if 7=6 
and the six chains are orthogonal ¢6=0.838. As 
mentioned above, effects of the deformation 
and temperature change on specific volume » 
can safely be neglected, so we put 
v=tn'a py =D, (6) 
where v, corresponds to the minimum of the 
cohesive energy. : 
Then we have 


Po=cn-2/3, c= /ta", (7) 
Po may be named the index of curling of the 
chain, for it shows how the chain is curled 


up. It is related to # or the density of lateral 
junctures which is defined by 


b/N=2/ yn’. (8) 


7 


$8. ELEMENTARY THEORY. 


In undeformed state chains are orientated 
in various directions. For the sake of simpli. 
city we first assume that each one-third of 
the chains lie in x-, y- and z-direction. The 
macroscopica) parameters of a deformati: 
A, B and C will be defined as the ratio 
actual lengths to original ones in each 
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tion. Then for not too large deformation the 
partition function of a *x-chain will be of 
Gaussian form 
a __ 3 nA'pJa® 
Z.=Cexp(-- 5 7402), (9) 


- 


and similar formulae will be given for y- and 
— The free energy of the system is 


F=45 1 OF pT log Z,+log Z,+log Z.) 


= AT 10,XA?+B?+C)+const. (10) 
The volumé change can be neglected, so we 
have 
ABC=1. (11) 
The free energy F, per unit volume is written 
as 


f= ae Po *At+ B+ C%)+ const., (12) 
where d=density, m=molecular weight of an 
element of the chain. 

If the deformation is simply uniaxial in x- 
direction 
B=C=1//V A. (18) 
The tensional stress X, per unit- area of 
original cross section is given by 


_.OF;_GRTa? , of ,_ 1 ( 
Xo= 5A mi, PPX i) ee 


Per ‘unit area of actual cross section the 
stress is 

2 
GAT? pA). (8) 
The initial value e, of Young's modulus is | 


0 = See ps. (16) 


X: = AX,= 


as is given by Eq. (82', I, which is a function 
of temperature determined by the nature of 
interna] rotation of the chain. For free rota- 
tion wita bond angle a, it will be 


1—cos a 
A= ac ly = 3 (1%) 


In the presence of hindering potential, it might 
be expressed as (cf. Eq. (88', I) 

a*/A,;= Bexp(—U/RT). (18) 
Putting A:/a’=1, T=300K, d=1gr/cm’, (16) 
will -be 
4) = os (19) 


When the maximum elongation is 700%, Po 
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will be near 1/8 as Sakai pointed out. And: 
m is estimated to be about 16 from Eq. ‘7) 
(with p,.=1/10, »~80\.. If we put m=68 
(molecular weight of an isoprene monomer, 
€, is 17kg/em* in agreement with the observed 
value. Naturally we can expect here agree- 
ments only in the order of magnitude, because 
we have not definite information regarding 
to what part of the molecule our element 
corresponds in actual cases. More refined 
discussion will be given in a later paper. 

The expression (16) involves m but not M; 
this is in accordance with general concept of 
thermodynamics’, It must be noticed that 
it also involves p,? which characterizes the 
structure of the net. From (7! and (8) we have 


€,(b/N 4/3, (20) 


which shows that e€) increases with the density 
of junetures. 

When the deformation is large and Ap, ts 
nearly 1, the elementary theory breaks down 
and we must consider in further detail. 


§4, REORIENTATION OF. CHAINS 
BY DEFORMATION. 


If the rubber is isotropic in unstrained state, 
the orientation of the chains must be isotropic. 
What change will be observed by ‘macroscopic 
deformation of the whole block? This ques- 
tion is geometrical and must be solved before 
a_ statistical-thermodynamical treatment. In 
the theories of crystals the corresponding 
questions is almost clear. In our case, how- 
ever, its solution is somewhat ambiguous. 

A macroscopical deformation is defined by 
the linear transformation 


y=By, z=Cz. (21° 
Direction cosines of the chain, which were 
(&, 9, €) before the deformation, will become 
proportional to (A&, By, Cf’. Let the original 
length be 7, then its length will be 

ra=rnfAlt+Byt+cC [#2, (22) 
Hence the index of curling of the chain is 
given by 

pP=PfAPE +BY? +C701)1/2, (23) 
where / is its value in unstrained state. Since 
the substance is originally isotropic, (€, 7%. €) 


must be, distributed uniformly on an unit 
sphere. All quantities must be averaged on it. 


x =Ax, 


§5. GENERAL THEORY OF 
SMALL DEFORMATION. 
The free energy of a chain with the index 
of curling p is given by (Ea. (13), IX 
f=nkTg p)=nkT\asp— H's) (24) 
HS) —ap. (25) 


The elastic free energy of chains will be 
given by the mean of (24), Per unit volume 
it will be 

F,= 287 gp, (26) 


Put 

A=1+a, B=1+, C=1+7, (27) 
and assume that a, # and 7 are far smaller 
than 1. Then we get 


P/Po=1+ a? + By'+7C! 
+5 CalE E+ BA) 4 {CI C4) 
—2(A79°' + paltE'+ afé'y*)). (28) 
Strictly speaking, elastic energy change 


caused by the change of the volume must. be 
added to (28'. It may be expressed as 


(v—v,)*/2Ky,. (29) 
Putting 
v,=tn'a'p,}, (30) 
we get for volume yw, in unstrained state 
viev,(1— 2 pg). 81) 
The ratio 


KRT/0,=KdRT/m 
is only about 10-3 at room temperature. So 
we can entirely neglect the volume change. 
By elementary calculations we can derive 
for the free energy 


1 dRT 


AE el ps)+ 5 SRF (|S asPot 2 apy! 


iF \ (att f+ 7)+{ apt (3 dp). 


—as Pot-eaper Mat Btrhy (82) 
and for the rigidity 
aRT { ; 
G= bie sed prt? 3 2P.* (3), \ (33) 
When ?, is small G is reduced to 
_4RT ap? . 
Gs m eet tin (34) 
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in agreement with (16) (G=e,/8. If Ps is clos 
to its maximum value Px, we have ($65, I) 


ART P(3P2—Po) ( 
G="Em ~c'po= PP 5) 


The behavior of G as the tunction of P 
and 6/N is given in Fig. 8 for chains withou 
correlation (§ 8, I’. 
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Fig. 3. Rigidity and the average number of 
elements in a chain as functions of the 
initial index of curling. For chains 
without correlation on the assumption 
¢=1 in Eq: (7). 


§6. LARGE DEFORMATION. 
When ? is not too large we can expan 
& P) in Eq. (26), 
Z=2: 0° + 2,0! +e “ (36) ) 
The expansion coefficients are given by 
me Be Pte a ORE ae 
B=9 B= 3-5 yr) ae 
_9/,_ 20 ay 9. dg, SILAS 
&o=4 (1 20 Fi 140 2,5 +5 50 aie 
(37)} 


- 


1947) 


where 2's are given in §4,1. The free energy 
F; per unit volume can easily be shown to be 


F,= SRE (£1 ppya's BY4+.0)4+-£cp,9) 


x{A+ BC+ 3 (BC4CA+ AB +...) 


(38) 
“where (-) means the average values over the 
initial distribution of the index of curling. 
In uniaxial elongation, X, is given by 


X,= FEE 2 gxce,t(A-—n) 
+5 BC Pt AZ — gigs) (9) 
and for the stress X referred to the actual 
cross section we have 
X=AX,. (40) 
For large A we make use of the asymptotic 
formula (37), I 


GRT Pe 
iis m a 


log’ Po— P). 


Taking the average and differentiating with 
A we get 


X,~GRT apt 1, As 
om =atp, A? °A,—A’ 
A;=P/P.. (41) 


Similarly for compression it may be shown 
that 


5 pepe QRT Px A 
: 2 m Purl A—A;’ 
A:=!Po/P 0}. (42) 


$7. DISCUSSIONS. 


We wish to add some remarks. The theory 
presented here concerns the ideal rubber, the 
definition of which is not unique. We make 
following assumptions; 1. Elastic deforma- 
tion is reversible and plastic deformations 
are small. 2. Thermal equilibrium can be 
established during our observation. 3. 
Changes in internal energies are small. 4, 
Crystallization caused by the deformation is 
@ secondary phenomenon and plays no essential 
role in producing elastic forces. These con- 
ditions are approximately satisfied by suitably 
vulcanized rubber. The sulfur bridges impose 
restrictions upon thermal motion of chains. 
They are almost sufficient to fullfil these con- 
ditions. 

Thus our theory must be compared with 
‘experiments on that kind of rubber. Our 
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theoretical formula (16) gives quite reasonable 
order of magnitude. Qualitatively (20) is also 
in agreement with the experience though we 
do not know how much sulfur is actually 
combined into bridges. It might be worth while 
to note that (16) shows that e, of a sample 
with large maximum elongation ?./P) is small 
and vice versa(5)(8), The equation of state 


given in (14) seems to be quite general and is 
not confined to special models. Kuhn’s theory 
leads us to it, too. It was derived by Guth’ 
and James ) by the reasoning similar to ours. 
It can very closely reproduce the experimental 
results of Meyer and Ferri() up to 400% 
elongation. 


(Fig. 4. For larger deformation 


0 /e0 400 - 300 400% 


Fig. 4. The s:ress strain curve for- vulcanized 
rubber.——experimental, +++++- theoretical curve. 


the stress strain curve is affected by partial 
crystallization. If we neglect this effect. it 
might be expressed by Eq. (89. Fig. 5 gives 
a theoretical curve for chains without correla- 
tion. The stress X, shows the so-called S-shape. 
When referred to the actual cross section. the 
stress X does not show this peculiar form. 
This is in accordance with experience. The 
S-shape of X is usually observed only for 
raw rubber. We will give some explanations 
in a later paper. 

If we could expect the index of curling cf 
the chains to have the same value for all the 
chains in unstrained state, the average opera-: 
tion ( J) in Eq. (88) might be unneccesary. 
For not too large values of (,, we have rea- 
sons to expect the distribution of /, is ap- 
proximately given by 

exp — Po/P1\dPo/ Ps. (43) 
Then (/,?) will be 29,2. 


Strictly speaking, the free energies of chains 
are not given by 9) or (24) in solid state. The 
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Fig. 5. Theoretica! stress-strain curve, Eq. (39) 
for chains without correlation. 99=0.1. 
—alculated from (39)-++++ first term of the 
expansion only. 


chains can move in regions far more restricted 
than in free states considered in the paper I. 
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However, we need only to know the telative 
changes of probabilities, therefore our assump- 
tion (9: or (24) may. be expected to be right at 
least in the first approximation. More refined 
theories are left in future. but we can expect 
the essential points not to be affected. 

The thermal motions of junctures were not 
considered explicitly. Their contribution to 
the change of elastic free energy seems to 
be small, because thermally agitating forces 
acting on them are random. 

Part III of our studies deals with the elastic, 
double refraction. 

In conclusion the author wishes to express: 
his deep appreciation to Dr. S. Oka, Prof. 
T. Sakai, Prof. K. Ochiai and Prof, M. Kotani’ 
for their valuable discussions and interest! 
given to this work 
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‘electron impacts have already been studied in 
detail by Hustrulid, Kusch and Tate, 
(A) Relative probability of formation of ions 
in benzene by electron impact. - 
Tne ions observed as dissociation products 
of benzene by single electron impact and the 
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$1, Introduction. 


The formulas for the relative multiplet 
strengths in LS ‘coupling have been known 
for a number of years. These have been 
( Ornstein), 
Condon and Ufford™®, Ufford and Millers), 
_ Shortley, and Yamanouchi™, All of these 
but the last one have been dealt with as the 

extension of the Kronig’s and in an actual 


Zl a calculation of these quantities we owe to the 


sum rule, Goldberg has calculated a very 
* complete set of tables of the relative multiplet 
As these methods must depend on 
the sum rule, it is not easy to, obtain the 
general formulas, But treating them group- 


theoretically, we will be able to get them in © 
In the following we will analyse . 


some cases. 


_ this problem. 


In the LS coupling the electron configura- 
~ tions between which transitions can occur are 


_. _ of two cases, that is; 


i) athZath, 
ii) a@Bt+l. 
i) a is an electron configuration in which 
no jumping electron involves and no electron 


is equivalent to any in J, or J, From the 
‘selection rule we must have k=h+1, 
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Or, in d’ps—d*pp’, a=d"p, L=s and l,=p’, 
ii) a is an electron configuration, whic 
involves a jumping electron, on the other hal 
B does not. - is.a jumping electron, Fo 
example, in d‘—d"p, a=d', B=d* and l= 
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In this paper we are concerned only y 
- case (i). - 


$2. Method of caleutetene 


It is easy to calculate the transition or 
bability of the electrodipole radiation, 


cording to the ,above papers it is given 
the formulas: 
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Jn ‘the region. oF ehitimetke waves ‘metallit 


} hollow pipes are . Widely . wsed as transmission “electromagnetic hee in 
apparatus and. metallic cavities are used as reso- 


. ties. Here we consider BS 
nators. Many | mathematical | investigations re- completely oe peticet con ductor. 
garding. electromagnetic. waves in hollow. pipes ; x 
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(4) applications of W. K. B. method to pipes Dace Ic ea[ffeatade, ef 
with: non-uniform cross: section and prdblem of rae x aN ed i: if 
-tunnel- effect, (3). app ication ‘of. the Fueeen a IR Meee RATE ap is 
‘method to curving pipes. rit ae: tu Ried ak im AY ( PDE)=\\ \Crot E) avdyde 
feats Aide stem of units is ee tee ue Here’ the ean ‘of the integration is 
a APPLIC ATION OF THE NS Pine inner space of the cavity. deo twas 
Re oW We assume that E makes Dé CR) 
CE es <) Ne 
_VARIATION PRINCIPL tiie. enor the: condition Kes, Another 
“sk The Variation: ‘Prineiple for | if E,=E+ £0478, 


- Electromagnetic Oscillation, which differs from E a little, is ue 


a and 6 which meet the same requirement 
as (le ela), (1e2a). From the condition of 


* ‘The greater pet of this vestigation was ee minimum : 
Bee tas 
o 


bie’ variation principle, which is. widely used 
in problems - of mechanical oscillation and | 


aDCE,) =f 9 ICE) 
ag On 


Pu aie —fi. OJCE:) 

Bais Der, ; eae | Ot mee 

= at €=7=0 (k’=Lagrangian factor), we have 

A \c—rot a rot E-+h'aE )dxdydz=0, 

and the similer relation as to'b. Using the 
vector identity 
42 ; ay rot @ rot E=div(a, rot E}+-a rot rot E, 
Fy ry and the assumed boundary condition os a and 
~~ _ 6, we obtain 
(ffac —rot rot E+-R°E \dxdydz—0, 


and the similar one for &. Fyrom these equa: 
tions we get py 
/ —rot rot E+k’E=0, 


namely E can represent the electric ’ field 


 exp(—zkct); and the magnetic field “H in this 
“ Bat euon is given by 


te rot Bei} - 8 jHe-thet)—ikHe tee, (le eda) 
be ‘eliminated when we adopt the condition 
D¢E)/ J E)=minimum ; 


“this form also will be used later. The eigen- 
_ values. k? ceincide with this minimum values, 
because - 


— va Ee: D(E)=\\\Crot B)'dxdydz 
| ist % [\ferot rot Edidydz=h'J, E). . 


| __In reference to the above-mentioned theorem 
= we can express the dual theorem: Let H be 


ae : a veetor satisfying ° 3 

re egies div H=0, (1elb) 
: Be: within the cavity and - 
ae Bp. ' Hn=0, (rot H, n)==0, (1e2b) 


ee _ on the boundary. If we assume that H makes 
cacy - D: ‘H) minimum under the condition JOR)= 1, 
ee we get : 
ae oo =rot rot H+-R!H= 0, / (le tb) 
oe ‘ Wiet R’ equals this minimum value, Namely 
ib _H can represent the magnetic field of a proper 
; ae oscillation with time varjation exp(—zkct); 
s the electric field-E in this oscillation is saiyen 
—tkE=rot H. 


Ree rebnondins eigenfunctions be E,, Eni Viz. 
—rot rot E,+k,7E,=0, ) 
; —rot rot E,+k,*E,=0, 


Taro KIHARA. 


Then 


The Ritz method, which will be used in™ 
mS of a proper oscillation with time variation - 


ct above used eae J(E)=1 can. 


. fies (lela), (1e2a);- 


Soe let two eigenvdlues be k,*, k?, and the - 


(kek .2)\ [EE wdxdyde ; 
< | \ \ (E,, rot rot E,—E, rot rot E nidsdyag 


er { SYeaive (rot E,, E ea div {rot E,, E,.)} - 
x ditdydz=0, 


indicating the orthogonality of eigenfunction 
The same relations hold for H. 


- $2, The Fundamental Oscillation 
in an Ellipsoidal Cavity. 


Taere are two ways of using the aboy 
mentioned principle for practical problem 


following sections, is popular; but the oth 


Let us investigate the Ehcake osci | 
tion in an ellipsoidal cavity, the equation ‘¢ 
which is 

2 2 2 Ned: 

17, — 4 0, Cazboey? 

The electric and magnetic field of the fun di 

mental oscillation has the following symmet 
property: 

Es=42xet,’E, =yexet, E.-ef, | 

A =y x ef, He xel, H.=xyzXet, Ke 
where ef’s denote even functions of %, y, 4 

As the first approximation we adopt as) 
the polynomial of the lowest degree wa 
has the above-mentioned symmetry and sati 


E.=2xz/a’,  E,=2yz/b%, 


E.x(P-Vl— fe: )- AF-S a @ 


F=(a'+62c!/a*b?-+3, 
and we can take D(E)/J(E) as the first 


proximation A Reds of k?, Using ; 
(rot E),=~Fy/b*, (rot E)y=Fx/a’, © 
(rot E).=0, aah” 
we obtain yt 
2 7a i ae ‘ 
(= (Set pe ae | 
’ ae: 1 4 Sore 
(get ae) gets 
Wee gee es 2 6h aa 
ee 
As the second : approximation we. ad ot 
¢ “Be errr : 


’ 7 F oe 
| 124 \-2B,4 D,=0, 
rom ie ee ‘oF (1+2b) - 
e B~ —D,=A,— A,=B,— B,=C:— C,—D,, \ 


and from the latter of (1. Miche tae 
a is hie aie PA,+30?A,=3a'B,+b°B, a 

2 }2aB*/c4)C,+ BC, — 51D, 

ue cag WH(O42a°B*/c*)Cot aD. | 

rom these conditions the coefficients in ( 205) 

re determined as. follows: 4 \ 


D=(8a"+ b)F— AD{(a?+ 5b )F—28%); 


|B =(a? +B) F-1)((a- 5b") F— 20"), 4 
C,=(8a?+ b?)( F—3){( a? +55") F—26"}, 
Di=> Ka +5 Xat— —b'XF-D, (256) 
A», Bs, om D, can be. obtained when we inter- 
change a and % in B,, A, Ci D, respectively. 
he second - approximation Ck*J. is given ee 
KH)/, JCM), Using — ; 

rot H),=2Sx2/a’, (rot H)y=2Syz/64, ee 

rot Hy sr-(i- 5 fay ies. e} ; 


S=(a"+b4){2(8F—1)—GX8F—2)}, 


| Ga DiKa+ 0, (297) 
ye obtain Se Maes an 
SS (a+ +59 ) 
oR OF 1 2(38F—1)— _GU83F—2)} 


Gane “14F +9)- G'16F°—31F427F_-9) 


The Gileulated values of: 100¢k*},— 
the greater “part of the error in the first ap- 
proximation, is‘nearly equal to 8(1—0.4G*)-} 
for @=2b>2c,. In the case waen, a=b=c, the 
error of Ck*}, is only 0.5%. 

If. we wish to get. the third. approximation 
ye may start from the polynomial of the 
owest degree which ‘satisfies “(1ela),- and. 
ae rot E= 0 on the menndaey, though the 


ean er Sl 


where z-axis is taken 


AL =(a +0 F-1)( 8a" +6") F 26"), = 


‘ where k? equals this minimum yap 
‘d represents the ¥Y—-function of a. proper 


Ch /CR I 


ina pipe or in a evlindeieal cavity, it is con 
venient to express the field eee: a 


he yD 33 os Te Meseaes 5% a 
ar ga ay" ote 
yO. . ov ev ao 
Eo oe tihoe, 
ayaa Pan? Hy “Wat one 
Pats Oo. a 2 Yc pee ae 2 
ete thO, HR t+eY, (8 


to’ be cerallel is thes 


generating lines of the cylinder, and 0 andY are +3 


scalar functions sat‘ sfying the wave ‘equations 
5. ie 

“AO+k0=0,~ Aw + eY = 0 ae 

In the case when ae identically, t the ‘ost i 


a eS 


Now we first consider only two- dimensi 
oscillation which is independent Dee Z. 


satisfies 
g/g =0, : Pope : 
on the boundary. Further put 


1)={ [eaedy, ae 
2 Sits 
ie 


under J(¢)= 1, ‘nen 
GM ale 


ox* 


US Bg =U, 


oscillation, and the field is given by (86) 
(k? must be replaced by k?, @ and 9/9z is zero.) 
Regarding the oscillation of E-type the — 
matter is- similar, when we adopt (x, y) 
vanishing on the boundary. In this case the 4 
problem is just the same as the oscillation of 
a membrane, while the H-type is the sama 
as the oscillation of water in a tub. ae 
The orthogonality theorem is expressed as 
follows, ' Let. ¢, and Pn belong: to different _ 
eigenvalues, then hold 


| Un BE, Ox Om ee 
Var or des ay ay bs) aed. os 


oO 2 Be OPn OPm dxd =), 5) 
oy ay ; 


/ abn Wn apn APn 3*6 
oe ee andy 0, (356) 


1e field in the. cylindrical cavity \ 
with z as coshz or sinkz (or ee 


a the: purely two “dimensional case: ; 
ee 


As *; Leet Ee for H_type, E 
fon, Hi type, . 


— rl a Sages Sr) 0b. aie 
en A soni is - so- -called cut: t-off eae ayes ane 5A 


SeeG ae 
at bait 20" = : 


» 


: from 


iets ane : ne: Ke, was “als <A ae 


Sor 
ctions, Sinee aos problem offers a “most Ra eae i 


ole n ee mab jint+8 16 
ees as: already stated, to IAG 9 se B 
ee bwo- dimensional oscillations b Fe Se eae 

i Ba+2b 
Let the form of Cones “a cae ’ 
. af Ae te Se we have ots 
(a=b) - (401) By, =: o 
ate fete uae 


=xxef, E =xyxef, E,=ef, (402) 
ate denote even tapes of x and ye (ii) When ke 


CG small, the first. he 
: Pigs 1) having 


or r a this type is is 


. ae foe, pe ee 
Bek ot yt— 1), 7 
: a AAU Ga"/at)+ Beats —y?)}. C10) . 
— Rt ak E)_ $53 ; 
oe aA : 
pp: EB) 2 OIE) Ey asst = 
aR: —h 9B =6, (4011) 


we have ‘the Yollewitg Tincax homogeneous 
ations for A and B- eae 


ak 15K) A+(a'—6?)(6— 16K)B= =O 

(@-8X6-1K)A 

4a°b*-+ 6b*)— ee 
0s 


6 
(4012) 


0a one KK 
Feat bt, oo as) 


ae coaxial cavities, the axially symmetric cavities 
- as shown in Fig. 2.- This was investigated: by 


mode of oscillation Ey, the azimuthal comp 


this component Hy. 


‘22a°B4 156K) B is 


oaks we 


rsh, A-glxecl,” 
Bera, 


4 75h A-@lerdl, 


other parts, 


£68 


dae: 


$5. Seuibepaxiel Cavities 


As the third example let us treat the semi 


Hansen“) and recently by Mayer“), In. thi 
section our object is. to obtain a simple “ap- 
proximate formula without any complicated 
numerical calculation. For. the fundamental 


nent of E, is identically zero, and H has” on y 
Tae lines of- force “Obs 
electric field are ‘such as shown in nie 8 - 


Now put Hy approximately i in 1 the form 


b<r<a, (1-g eh ee ae 


0<2e<(1—gl. 


other parts 


(562) 


b<r<a, <e<Cl-eh bee 


: ndicates an a fonny tarid field i in 
and “a5 simplified radial electric field S 
coaxial part. The lines of: one 


from (655) 


% py piace: Bt By rig i 
ee db 


+-3-\pincaloy)* 

j igi at a ae - (B+6). a | 
For large values of 2 the error of: (eB) is. 
rather large. For instance we get ka=2.59 © 

°, when @a?=26? and g=1, its correct value rc | | 

2.40. Tne values of ( ka)-!=A4/2na in the case 

when a?=2b6? are shown in. Pig. eS asa func. | | 

tion of g and Bia Stee et eed > Mies 


—7 : 


x Ain a aaa _‘References. 

2 _8(1— 81-2) \y, y aes 
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and 2 B, we obtain the equation (oie. Ws Hiaasen J. Satin eis Keeeat » ees | 


Yi 


aye ben 3 
Age = ; hook form (in Tenenety "Therefore, considering aie 
poor capacity of the Journal, - Ig give up the printing of 
the remaining pat of ews Jong ‘paper. 
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eS yds Introduction, BC, Wes 

“Various: authors) have reported the break- 

. “down voltage in the uniform electric field as 

a function of electrode distance and the degree 

; a of evacuation. But if we use the non-uniform ~ 


i electric field, e.g. a needle. and a plate, what 


~ mentioned are not. always made clear even 
at present, 5 
We havé eeateated on the en ene effect 


Perea 
t 


and- on the figures. ‘on the electrode metal, 


_ surface® produced by impulsive breakdown under 
_ the peas of about 10-5 mm Hg, or less, 


ae 
Mh “ 
7 Se 


2. “Apparatus and Technique. 


in pyrex glass vacuum cylinder as snown in’ 
«Fig. 1.- In order to be easily opened or closed, 


‘- 


: ~ 


i Bg. L Diagram, ee eet 
Screw: case. |. 


= me sy 


ae: on the Shes of ‘Metal Bleotrodes Produced 
eg the Breakdown in n High Vacuum. , 


By Ka: Zuzi HASHIMOTO. 


Hitachi Centrat Research Laboratory. "Y. 


* (Receviéd March 6; eas 


“change will. occur in the relation between 
breakdown voltage and. electrode polarity or 
t: “what figures will be produced on the surface _ 
oor the plate electrode ? These problems ‘above 


‘The needle. and plate electr odes, are abated: 


the brass, screw ease A is set in the pease : 


¥ 


We, 


cover B which ig! ened to the pyrex ‘via 
eylinder, sealing the vacuum chamber © with 
apiezon grease or compound, The positive 
negative voltage is applied to the needle ele t- : 
~. rode against the plate electrode which is : 
nected to the earth. By this apparatus ( Fig. ei 
we can. investigate the polarity , effect ‘or r the 3 


the brass ite, or the thin copper fics on the — 
iron or silver plate, os figures: are —— ° 


These t 


by the evaporation method in another vacu 
chamber, Ohor es : 


= 


3. Résdlisa ie Se pe 
- The relation between the breakdown yl 


aT y 


ments we used side hea oat plats ap the L 


electrodes, As is well known, the value. of 


the. breakdown. voltage is not’ reproducibl Z 
‘even at the constant electrode distance and 
constant pressure, so that. these ~ data” are 
protted using the mean value obtained from 
several tests concerning the various distances. — 
Another metal electrode, for. -example, — : 
molybdenum needle and brass plate were used, if 
but these data are nearly equal to Fig. 2. 
_ above mentioned. “From these experiments we | 
_ean find that when the needle is negative, the — 
value of the breakdown voltage is much lower 
than that of the positive needle, Bennett(2) 
once showed the relation between the break- 
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Next, we examined what figures will appear 
on the plate electrode by one breakdown, and 
found out very beautiful figures, especially 
when the thin silver film was evaporated on 
the brass plate. Fig. 3. and Fig. 4. show the 
examples of the typical negative figures (tung- 
sten needle) on the silver brass plate in the 
pressure of 5x 10-*° mmHg or 7x 10-5 mmHg. 
Fig. 5., Fig! 6., and Fig. 7. are the magnified 
figures of parts of Fig. 3 or Fig. 4. In the 

present experiment two typical figures have 


Fig. 2. The breakdown voltage versus electrode 
Separation and electrode polarity. 
(nickel plate and nickel needle-) 
Curve C: The lowest valué of breakdown. 
A: Upper limit value. 
B: Mean value. 


down voltage and the character of the elec- 
trode, and concluded that the breakdown phe- 


nomena in the high vacuum was rather caused Fig. 4. Negative figures. 

by the character of the positive plate, than Pressure 7x 10-° mm Hg. 

that of the cathode, . Other conditions are the same as in Fig. 3. 
But our experimental facts denote the oppo- Impulse voltage 30 kV. 

site conclusion. Magnification 2X. 


we Fig. 3. Negative figures on the thin silver film 
evaporated on the ‘brass plate. 
Impulse voltage 35 kV. 
Electrode distance 0.7 mm. 
Tungsten needle © 


Fig. 5. ‘The magnified photograph of 
Pressure 5x 10-mm He. ¢ in Fig. a SERS: a 


Magnification 4X. 


Magnification 80X. i 


Fig. 6.. Magnified photograph of B part 
in Fig. 3 or Fi. 4. 
Magnification 130X. 


Fig. {& ee Ce ar of c pact 
in Fig, 4. or Fig. 3. 
Magnification 130X. 


/ 


‘been found on the positive plate surface.’ 


‘One is an assemblage of fine stripes (Fig. 5.) 
around the melted center which is produced 
‘directly below the needle electrode. The other 


is a bush-clover type which is produced apart ' 


from the melted center (Fig. 6. and Fig. 7.) 
and Fig. 7 somewhat, resembles the photo- 
‘graph of Wilson’s cloud chamber when the 
X-ray beam penetrates it. Moreover, the figure 


‘such as Fig: 7. is found on the edge of the’ 


positive plate. (see Fig. 8C or Fig. 4C.) On 
the contrary, when the needle electrode is 
Eabsttive: many, beautiful flower type figures 
are produced on. the negative plate surface 
by one breakdown. ‘Every flowertype figure 
has a center coloured by the brass base metal 
and many flower leaves arouned it by the thin 
silver film. These typical figures are shown 
in Fig. 8. ‘and Fig, 9... Fig. 10., and Fig. 11, 
show two parts of Fig. 8. These breakdown 
figures, Fig..3. Fig. 4. Fig. 8 and Fig. 9, some- 
what depend upon the pressure of the vacuum 
chamber, Generally the negative figures are 


very delicate and are fine stripes and bush-. 


clover type or their assemblage, but on | the 


* 


Fig..8. Positive figures on the thin silver 
film evaporated on the brass plate. 
Impulse voltage, 50 kV. 

‘Electrode distance. 0:7 mm. 
Pressur 4.5% 10-6 mmHg. 
Tungsten needle @). 
Magnification 4X. 


Fig. 9. ’ Positive figures. 

Pressure 6x 10-5 mmlig. 

' Other conditions are the same as in Fig. 8. 
~ Magnification 2X. 


] 


' Fig. 10. The magmified photograph of A 


part in Fig. 8, 
Magnification 80. 
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, contrary positive figures are the flower-type, 
' However, these figures do not always appear 


le 
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in, the same type, and sometimes there appears: 


; the assemblage of the figures above mentioned. 


i 


és 
iets, 


nese typical figures are shown in Fig. 12, 
Fig. 13 and Fig. 14. They are prodyced on 
the thin copper film evaporated on the iron 
plate by one breakdown ont the condition of 
positive needle electrode, namely each branch 


~> Fig. 11. The magnified photograph of B part 
in Fig. 8. 
, 4 Magnification 80. 


| Fig. 12. Positive’ figures producedon the capper 
‘film evapotated on the iron plate. ® 
Magnification 2X. 


Fig. 13. The magnified photograph of a 


ah ; part in Fig. 12. 


Vv * Magnification 130X. 


* made clear from the point of view of socalled 


in Fig. 18 and Fig. 14 is the assemblage of | 
the flower type figures, 


Fig. 14. The magnified, photograph of “a , 
part in Fig. 12. : 
Magnification 130X. 


‘ 


4. Discussion and Conclusion. r 


. e oF | 


The experiments on the relation between the 
breakdown voltage andthe electrode separation | 
‘or the electrode! polarity have been performed > 
in the vacuum chamber and the ,value> of 
breakdown voltage has been found to be lower! 
at a negative needle than at a positive one 
(Fig. 2). These experimental facts will be 


field emission. : 

The breakdown phenomenon in the high 
vacuum will be caused by the ‘electrons which 
- are extracted from cold metal surface purely, 
by the application of sufficiently high, field 
at the surface. These electrons will bombard 
_and melt the metal surface, or ionize various” 
gas molecules which are absorbed or r adhered { 
to the electrode metal. 

These breakdown phenomena do not always, 


somewhat to the emission cefiter destroyed’ 
-by the ion bombardment, or to the impurity 7 
-or gas. molecules that are adhered to the 
electrode metal surface:, _ 
After one breakdown, the investipacions on 
the figures of the dlestrde: metal ‘surface 
have been carried: out and we found the very 
beautiful evidence of breakdown on the elec 
- trode plate which varies with regard to th 
néedle electrode polarity or to the pressure off 
the vacuum chamber. | 
At present the cause of these curious fiers 
is not ee but, in the. ae opini 


figure, it is attributable 
| Bowes of ‘the: nagativé 


‘l tracted Meech to the pole surface a 
bombard the ‘metal surface. of the Positive 
plate separately, <or ionize and burst, the gas 
molecules existed on the surface ‘of the metal, - 
Besides - ‘these causes’ above mentioned, the 
Be dindcos vill ‘be produced by the electric resist- 
, i ance between the surface and base metal for 
P.the copious. supply of the electric eurrent by 
the condenser discharge. Oa : 


r On the -eontrary the positive gure eat be 


- produced. by the melting phenomenon of the | 
porreke’ ae a the needle” Biel ba the — 


® ed Jyh ye LEN Re a ¥ F hems 


Fe ; aA ' 


Fie writer has published three reports on. | 
_ the mechanisms of electric sparks((20(), Tn- 

the last report, he’ ‘discussed the method of ‘ 
calculation | of. sparking potentials. The first. 
half of this paper is the furthering of the 
same- ‘calculations, | the latter part including 
the: -results- of measurements. of, sparking - 


_ pétgitials i in low pressures down to 3800 mmHg. » 
ic and the similar ealeulations: uated tolthat 


‘case. eA f 


te Caleulation of Sparking, Bie 
~ Potentials. : akg etee 8 


F “The calculation of the | electric field $ at 
any point x in the gap (x is © ‘measured from 
the surface of one of the poles), when unit | 

2 electric potential ‘is, applied between two 

i ‘spherical poles symmetrically to the earth 


eC +05 te each pole), was explained in the last. 


' report. If ¢ is multiplied by the sparking | 
eerie, the field strength F at. sparking at 
P that: point is. obtained. Let the square root | 
- the mean-square- value of p between x=0 
way ih pepotcs ee dex Then, 


j 


‘ copious Y 
' smashed on the negative plate surface. The 


- by some melted matter ge be caused by 


a \ ams svelont as work. 


us = On Sparking peers 
SCO NT er “By Tatuo KOBAYASI 


x <a side so e Say 7 > es etna et ARereved March, 29, wer) sin oe es fis a S 


& 
ae je “numerical or ey meth = 


* 


the neighKourhood of, a point A. about 1 ¢ 
_. from the pole surface. 


Sleccon bombardment. Soe ‘these z 
cases the molten metal and metal iongwill be 


flower- -type figure that seems to be- “smashed 


these phenomena. 
~The. avthor takes pleasure in ackndwledetl 


the advice and criticisrn of Dr. a; ‘Toriyama, 
1 By: 


{ 2 + 
’ ») fg 


MG ierae 


ae meet 


(1) H. w: einderoae R. S. I. 6 (1935), 309. 
(2) Wy Bennett.:: oak Rey. 37 Cases 582.) 
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‘ 4 ae n bos a NL ee 
oh , “ ‘ os 9 ee 4 , 


\ 
y en 1 
P Yat 


Plies 


The fe hea square Ve "between 0 and xX 


sparking potential, 
by Fe « Ms 
The: curve ‘showing. the variations of Fe 


Let, this value ne de sted 


own in Fig. ne All such curves: Meee 


Hence, we come. to 


the conclusion that a spark passes when the 
+ root-mean-square of electric field in the range a 


about lem from the ‘pole surface. rises tor? 
about 80kV/em, if the Roles are not tod small 
and the gap is wider than 2cm. - ; cs 
The curves of the same nature for smaller ‘ 
poles (1 and 2em) are shown in Fig. 2. ‘The 


curves in these eases do not converge at, any 


point. Hence, these cases must be considered: 


in a different way. The *blaeck curve in the 
same figure gives the relation - Deeg the” 


» 


¢ mean ) field: at eating and the gap-length 
in the Wase. when the poles are parallel flat 
_ slates: (or very large spheres; because the 
_ gap Jengths considered are small). (In this 
a “ease, the mean field is equal to the root-mean- 
\square- field.) The curve shows that the elec-. 
‘trie field necessary to produce a spark. in- 
creases rapidly with the diminution of the gap. . 


% 


‘Tatuo KOBAYASI. ; a pe 


~s 


“(ah 


touch the black curve. This fact explains that, 
if the poles are small, Fx ina smaller range 
in front of the pole surface rises to a value. 
to start_a spark, before Fx in the 1 cm, range 
reaches °30 kV/cm. The curves for 1 em poles » 
-eut the black eurve slightly, This * comes” 
mest likely from the cause that, if, the poles - 
are so small and ‘the gap is wide, the field 
directly before the pole becomes very great, © 
consequently some kind of discharge, must 
take place in sucha layer, (We often observe 
a ‘thin layer of. glow. covering the pole sur- ~ 
face.) so that the actual Fx may be smaller y 
than the calculated value. 4 
The condition of Fig. 1, is attained when | 
the ‘diameter of the poles comes up to about. . 
3 em. ¢ According to the writer's experience, 4 
the. fluctuation of the sparking potential of : 


In the J se we ‘see all ‘ie eurves of Fr 
) 
| 


Le 


a | 


each measurement is greater when it-is in-- 
fluenced. by “the condition of Fig. 2. There-| 
fore, it may be said that the poles larger than 
3 cm in diameter are better fitted for the pur; | 
pose of high tension-measurement.) Hence, — 
there are three different cases in calculating ) 
the sparking potentials:—. 1. when the pole — 
diameter is smaller than 8 em; 2. when the — 
gap is narrower than 2cem; 3. when the, 
poles are larger than Sem, the gap being, a 
wider than 2cm. oe 
In the case 1—when. the poles are ‘Cae 1 
than 8 cm—the xx versus X curve, must’ be” 
obtained. Then, the factor to be ‘multiplied ‘ 
in order to raise the curve unitil it touches | 
the black curve in Fig. 2 gives the senbain | 4 
potential. . pa Pe. a A | q 
. ' In. the case 2-—when’ ‘the. gap is narrower : 
-than 2 em—the root-mean-square of Bs at 
sparking i in the whole range of the gap is equal’ 
to the Fin the case of parallel flat poles with. 
the same gap length.’ In Fig. 2, we see that 
the right hand ends of all the Fry ‘curves for 
1 em gap ‘except that of 1 cm. poles, which - 
belongs to the case 1) very nearly come on. 
the black “curve. Therefore, the sparking po! 
tential in this case can be computed by caléu- 
lating x of the whole gap first, and dividing 
by it the value of the sparking field between 
parallel flat poles as given by the black curve 
in Fig: 2 at the same gap length, Mipsis) f° F 
. Te ease 3—when the, pole ‘diameter , is 
greater t an 3 cm. -and’ tie gap. wider. tha fn 
cm is most important, In order to af 
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3 
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: ibe. 
oe Gee | 29:50 kg 
~ 6 1 29.55. VIG 


The mean value of Figs: is: 26. 6B. 03 k¥, 
“(The prolabiey error of each value i is £0 


’ f + 


te 


, Table if Values of ie 


Diameter, af Pole. © Spheres in mM ; 
3 Rope. ees 


0.3916 0.3675 0.3502. 3 
‘ ar 3028. 9763 

3066 2658 

PBT 149995 
“BAT. B860) 
2684 24g 4! 
gas a 2055. 15g 
oe 10 Das 11986 
ects beg 2487) 3030) 


by. ‘using alll the available vahien? of sparking ABs ‘aa | aug : Ms 
otentials gi ~ Landolt: Boernstein’s” OTRO Da Saal ra 
“Utabellep. . _ Sparking rag es Wa Ts, porate 
ae oma La ARB EP G27 
r 5 em poles up to 10. em gap ERR sop Ge Crh: d 
em poles up to WW em gap ‘length, . fe da ctw 1700 
oles to. 40 em igs aia are Bah ce sae tak 2 1649. 


1616. Hes 


Gap 


injem | . 


10 28 


0.3502, 0.3400. 
| Py) BB806,- Bias” |< ak 7 
Dbaae in aig ne dint Se ore det affect A Or as (1505 11975 ae : 
) geectie of the final oe “appretiably, ae et fe a fates ee eich is Ae) 
The- can M1327) 07455 
£10288 2: © 06036 
. 09726, .05366  .03857 
09439, 0498398413 
09255 04739 03125 
04283 eset 017; 
04077 .02333_.01449 
ae 02219. .01814 
02112, 011881 
ea Nvebcy ae 
. : 010966 
ey plied amoral 


e mb ‘difficult Ay f . : : 30 | 
. Sa ea ae: es eos always have t £ 
a haven at their: ABP SHI ends or: Sat cea 


Uy 


Ti ial of ax at pone (This be | ee, 
enoted by oe are shown, in ak a Tf ees 


78 ; ie Tatuo KOBAYASI. > \ ’ s (Vol 2. 
The mean cutie of Fi, obtained by using * Berved ‘sparking potentials, from the a 
all the values, of sparking potertials given in — value are irregularly distributed. Therefore, 

» Landalt’s Tables for: three different pole \dia- the. calculated - sparking potentials may be 

meters (5, 10 and 25em) is 29.75+4.03 kV/em.’ ‘qualified to: be the more prokable values. 
; 


Hence, a spark passes when Fos reaches 29.75, Some of the calculated values are shown “in — 
‘the probable error being very small. 'Pable Il. The measured values given. in | 
‘Therefore, the sparking “potential is caleu-  Landolt’s Tables are added for the purpose of — 
~ lated by the following: 4 * eomparison? This method of ecaleulation can ) 


“possibly be extended to the cases of larger 


esas =29. 15+ 

om: Pay toe af fue vob: poles and wider gaps, .in which we have not , 
ae canals th Fos cploalate ie reliable measured results. Such ealculated . 
\ Tagen 7 . ,  walues are cngek in Table III. a 
: . . « * ; 
pe os. °. 2. Brushing Discharge. ° Cee 

Diameter of pole spheres in cm. pe it is, genegally ‘stated that, if the gap lengtin| 
Gap Bait 10 25 is increased to seven times the diameter of — | 

in em | Cale. | Obs. Cale Obs Cale. | Obs: the pole spheres, brushing discharge begins 


to occur and sparks pass no more, But the | 


3 | 810 809) 85.0 854}. 87.5 87.3 transition gap-length is not ‘definite. There is” 
4 | 983 ~ 97.7| 107.7 108 | 1142 113.5 a range of gap-length in which both brushes © | 
Boheio0 141°: (127.7, "128. | 139.5 438 and. sparks are produced alternately. The’ 
6 | 1229 122 | 1453 146 | 1636 162 writer observed that the gap-length of about. 
3 | 1989 139 | 1748 176 | 208.3  205x 13 em was the center of the range of transi- 


ite - + tion from’ spark to brush, ‘when the diameter. 
10 | 149:8, 150 197.7. +199 248.5 247 
“y of the poles was 2em, and the brushing” 


z See ee BEL ei 9 SSI ' potential in this case was ‘96.8 kV. This’ 
aa 20 175.1 262.7 399. ~ 398 brushing potential coincides well with the 
UN cant 2909: + . | 498° 4-402 sparking potential’ calculated as the type of 

fea 40 306 : 555 585 Fig. 2. 
Ay Re CR a ee The writer discussed the formation: of gpark 


fa Sy Je a tracks in the previous paper (Report I) and 
Table Ii.’ S.-P."in kW, Calculated -” delivered the’ following opinion, giving experi- 
mental demonstrations. If the. sparking poten- 


a. % e , 
re citer re aarti of Pole, SpHetssy in tial is attained» a volume charge is created 
Sr omte | ‘ , ‘ 
a ead Bare POP reek aN 400 inthe gap by the transit of a preliminary 
ae 81.0... 850. 875° 84. 838. discharge. Then, very faint paths of mono- 


pole sparks, zigzag and dendritic if the gap 
is wide, extend from one of the poles, ac- 
cording to the sign of the volume charge. If 
one of the numerous .branches of the mono- 


5 | 120° 127.7. 1395. 1440 146.4 


20) 175.1 262.7 399 481 533 “pole sparks reaches the oposite pole, whole 

30. | 1842 291 493 644 752: 8 the charge stored in the 'condenser discharges 

40 306 885, 771’ 945 j through that branch, giving luminosity to 

~ 59 oy 315 597 872 «(1115 the, path and gonseuuently masking the other 
= aeon aoe ees ater Se faint mono-pol ‘spark | tracks. 

Bi . pe a te These mono-pole sparks are of exactly te 

a oie dee same nature as brushes. Therefore, we maj 

, anne / conclude that the brushing discharges’ start 

. , under the same condition as the ‘sparks, but 

300 , 409 2500 since the electric ' field in the central part 0! 

400 - e 2630 . the gap is too ‘weak (or the density- of th 

500 | ; 2710 . volume change in the central part is ‘too small 

600 4  on70 te allow the “development of the aa 


spark tracks, they end in brushes.‘ ‘The ele 


is. value. as the lowest ‘field through which 


“meter, and the. ‘brushing potential at that gap-- 


length, For 5 em poles, they are 27.7 cm and’ 


183 ‘kV; for 10 em poles, 51.2 em and 316 kV. 

Af. we -assumé that the above-mentioned 
“methods of calculation of sparking potentials 
Gh 5 mm law) are applicableito the calculation 
of the brushing potential in the cage when a 
single spherical pole is hanging in a space, 


we can find the ‘brushing potéhtial (potential | 
relative ‘to the earth when the sphere emits © 


, brushes), dividing 29.75 by twice x.5 at infinite. 
Bap. yw A ; 


N ~ a Z 


ee ae os ee Tet 
oe Pole rie: i052 2 ‘Brushing potential 
og 2 cm = | (contact), i 50 kV bss 
es 5 a ® iOS aT lol y 
Oe ies a 176 2 
-.3. Measuremenit of. Sparking 
: "Potentials under ow Pressure... *- 


‘The writer: carried out a series of measure- 
ments of sparking potentials in reduced air . 


_ pressure in a cylindrical tunk of about 1. m. 
‘both in diameter and in length. The gap-length 
could be measured from the. outside of the - 


- _ tunk with the accuracy of “4/100 mons. 
The potentials applied to the poles were 
Piseasnred by: two high tension voltmeters of: 
~ parallel- plates- -with-a flap-window type. | ( The 
deflection is observed by reflection of light. 


The measurable range is altered by changing 


_ the distance of the plates.) Each voltmeter. 
was ‘set. ina large box covered with. thin 
- metal plates, and one'of the poles was con- 
nected to it, in order <to shut off stray fields. 
The , calibration | of them was made in the 


following way i--— ~The distances . ‘of the. 


parallel plates of the two. Sr onieters were 
adjusted as the measurable range to cover 5 
_kV, and they were. connected in parallel, one 
_ pole (box side) being earthed. Voltages up to 
_ 5,000. volts were applied to them from a high 
tension battery, ‘the voltages being measured 
: by mean of a high resistance and well cali- 
_ brate ad multi- cellular Oe, thus the ealib- 


were ognnasten in’ series (One of oe cover 
box was insulated from the earth by placing 
it on big. insulators.) and the third voltmeter. 
_ of the same type was connected. in parallel 


mie 1845 volts/em, If we assume _ 


he brush ¢ tracks can traverse, we can calculate — 
the transition gap-length for any pole” dia- 


_to 10,000 volts were applied to them from a 
sum of the readings of the first two volt 
- the range being changed to 10 kV, and ealib- : . 


‘meters _ were calibrated up to 100: kV an 

‘above as occasion demands, 

each measurement of the. voltage was oa 
than 1/1000. _ 


- 400 and 800° mmHg. \Care was taken to. m “ 
-the potentials (+ and —) applied to both the — 


with. them. The measurable range of th 
third was adjusted to 10 kV and voltages up 


high tension source (A. C; réctified by keno- 
trons) the voltages being. measured by th 


meters, thus third voltmeter was calibrat ad. 
Then, the first two were connected in parallel, 


rated up to 10,000 volts by the aid of th 
third.. By repeating this procedure, the vol 


The accuracy 


The sparking Detenttats were’ ‘eae 
dry air ‘at 20°C. at. the pressures, of. 600, 500 & 


Beles Ney nearly. a 3 ee were measured 


3 


‘ te Didawans 600 1 mm 


Gap * Pole Dia. in cm . 
Jin) cm | 3 Pi oC 
jo Set PGS) 265) 2664. Saree 
2 lara 479 48.24.3903 
3 | 609 657° 69.0 | 508: 
“4° )-706 794 874 | 588 
5 | 776 89.6 , 1038 |. 642 
61 847. 984.) MBA 1gn9 
"2 |"6.5. 105.4. 130.7.| 70.9 © 
(8 | 896 1113) 14201739 > 


Set Pressure 400 mm 


"Gap,.|~. Pole Dia. ff cm é 
inch Boro 8s SSO | 3 ee 


192. 192 191/156 156 — 
33.4 33.9. 341 | 265° “268 -" 97000 
439° 46.5 48.4.) 33.7 365 382 
49.7; 562 \613'| 391 443 484° 
543° 63.8 727 | 428. 505° 57.4 

575° 69.8. 826 
601. 746 911/475 591 LT 
629 789 983 | 49.7. 628° 77.5 


ON-O 1 Rw Dy 


’ 


independently, the sum being the’ potential 
applied to the electrodes. The potentials were 
raised very gradually until a spark passed. 


‘The results are shown in Table IV. 


4. Caleulation of Sparking 
Potentials at Low Pressure. 


If Fx versus X curves are drawn by using 
the sparking potentials at one definite pressure 
for different pole diameters and gap lengths 


given in Table IV, it is seen that all the 


curves converge to the neighbeurhood of a 


- definite point, in the same way as in Fig. 1. 


The distance of the converging point from the 


‘pole surface is slightly less than 1 em in 


any case of the pressure. (The ordinate of 


A only differs according to the pressure, ) 
i Therefore, if 9.5mm is taken as this distance, 
_ the values of x.,; given in Table I can be used. 
_ for the purpose of: calculating the sparking 


petal at’ any Beene, Hence, Fis at 


a 


ot ee io  SPatue KOBAVASI- nhac "wor 


~ 


oe be 
: 
4 
q 


sparking at the four different pressures were 
calculated and the following were obtained as 


the mean values. (20°C) | 
Pressure Biss ‘a 
600 mm 24.05 +.04 kV/em_ 4 
500 4 20.49+.038 7 ; 
400 4 16.92+.02 7 
800 7 13.364.01 7 


The relation between F..; and the pressuré 
p can be expressed by the following exper 
mental formula: 

F.9;=29.75—0.03565(760—p). 

Therefore, the sparking potential for anj 


j 


pole diameter and gap length at any ail 


préssure can be calculated from F.5 given bj 
the above formula and z.; given in Table I. 
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hia the present Lieavigntion. we are mainly crystals was ‘completely _ at random, bu 
— concerned with the orientation of the oxide certain number of them had the followi 
7 _-erystal with respect. to the mother copper . : orientations : —a plane of {100}cu0 I) 001) 
oR ~erystal when the latter was oxidized. ‘The and an edge of the. monoclinic parallelepipe 
- copper. crystal in the form of a thin euis Teor cupric oxide was parallel to an- -edg 
_ erystal film about 40 my in thickness was made the. cube of copper crystal ¢ Fig, aye The fil 
‘on the cleavage surface of natrium chloride _ mainly composed: of. cuprous oxide er 
_erystal maintained at a temperature about — in. the. orientation of the type: (2), h 
800°C by the evaporation method and the film — tendency to change to the’ ‘cupric oxide fil 
was detached from the substrate by dissolving of this sort. In. other - cases, we obt n 
it in water. ‘The structure of the film was — the cupric oxide film in which’ a certain amb 
examined by means'of the transmission method ous of the cupric oxide crystals ie in the ol 
” of cathode-ray diffraction, | 0 sw 10 | 
: - The thin single crystal film of: copper was ane a face diagonal 4 
completely oxidized by heating in air in an parallelepiped of cupric oxide i. (19103. 
fj electric furnace for 10 minutes at a tempera- Lee CHO J}cu and a plane of Atlee {| aes 
ture. higher than. 220°C. and,when the. heating 
nS * temperature was: ‘between. 220°C and 280°C, 
+ the resultant film was ‘composed of cuprous - 
ie oxide. crystals in the following orientations:— - of cupric oxide || (110}cu” or Tex, : Z 
By Ga). at random > oriantation, (2) (€001)cu30 || film of this structure being obtained: frot 
4 (001)cu -and (100}cwo } (100}cu and (3).  cuprous oxide film mainly edmposed of cup i 
CiDcuo I ¢ 001 )ca and (110)cy0 | (1103cu or oxide crystals in the orientations of ‘the type pe 
(1103cu (Fig. 1), The proportion of . occur- (3) and (4) (Fig. 5). a eo i: . 
‘rence. of any orientation ina film varied from uA: few further experiments were “car 
specimen to specimen.- The copper film: also. out with the object to examine how the ori 
became a ‘cuprous oxide ‘film by floating it ations of copper .oxide crystals, were influence: , 
_ for several hours" or longer on the water sur-.» by the changes brought out in the exprimental ; 
| _ face, but, in this. case, it contained, in addition * 
to the oxide crystals in the three orientations se 
| mentioned above, those having the following Say few in number, a ‘certain. eeamibee id 
} e orientations —— € 4) (332)cwo|(001)cu and cuprous oxide erystals. Perhaps they might fs 
~ C1103 cugo Il (1103cu or C110 Jeu and the orienta- ‘be produced during the procedure of detachi 
tions of the erystals were ‘more perfect than _ the film from the substrate sodium chloride 
those: in the former case Pigs 20 _ erystal by. dissolving it in water. When this” 
‘When the’ ‘copper film or cuprous oxide film. -. copper film was annealed. for about half. an x 
_ obtained as described above was heated at hour at a temperature about 350°C in a hydro- iE: 
280°C ‘or higher | for | ‘10 minutes in air, it: gen ‘atmosphere of a low pressure, it became — 
_ became a cupric oxide film (Table Ds In a relatively perfect single crystal film-con- — 
4 many eases the cupric oxide crystals in the taining copper crystals ‘only. Whether we. 
_ film had no orientation (Fig. 8). In some © used the former film or the latter as the 
_caces, we obtained a film, in which the orienta- ‘specimen, no differences were observed in the — 
tion, of - some of. the: minute ete oxide . orientations of Sig oxide erystals in the 
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Table I 


ray diffraction photograph. ibe! 
: Relative. intensities of X-ray D. S. rings of x0" (Mo Ka) by G. T ae and others.” ; 


- angle of diffraction. 


7 


13.4 
20.9 
68.3 
- 100.0 
14.3 

3.8 
28.0 

2.6 

6.7 

16 
13.9 
16.7 
13.2) ue 
12.3 

0.9 

55 
11.5 

0.7 

0.7 < 

4.2 

0.6 

5 

3.4 

0.4 

0.8 

0.4 

2.5 

2.3 

0.4 

3.3 

0.3 


spacing of planes ‘of CuO crystal calculated from the results by X-ray analysis by 2 fj see E. . Posnjak! oe Cc. 
J. Ksa ae Z. Kristallogr. 90 (1935), 120. Monoclic Syste a=4. 653A, b=3. A104, « c=5. 108A and @=99'39!, 
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spacing of planes of CuO obtained from cathode-ray diffraction photoBraphy ; doh ete 3 etn 

Intensities $f D. S,-rings estimated in three degrees of intensities—strong, medium and weak; from the cathde- 
as iy 

\ yy aa 

Relatiye intensities of cathode ray D. S. rings of CuO calculated from ed ha ve niimker of sets of plants 

which have the same spacing ;. E: cathode ray structure amplitude of CxO (In this calculation Cu and fe} in 


CuO were regarded as ‘neutral atoms, as the X-ray atomic structure frie of Cut+ "vould hot be sued 5 2: 


- P - Nees 


E ym the ‘toom temperature in a time 
interval / fof about an hour. (e) When the 
Copper film prepared on the cleavage’ surface. 


tached ~ 
: ‘euprous oxide film, in which’ the orientations 


') film in which oxide -erysials ‘were orientated 
at random. 3 
tet oxidized by floating \ on the water surface, we 
ft used ‘the city ‘water or _the distilled water 


PAG Pea : ; *e A 


a * sy SO acd . \ 
a . 4 x 


; PaFig.d. ae 
cated in air at 220°C . 
farce 10 min: Plax) 


ur or “by Mean to a pasar ‘inser’ oe 


a of sodium chloride-was oxidized without being “ge  guprous oxide fil 


from the ‘substrate, ‘we obtained.a 


‘after being. detached. eto! ite substrate as_ 
' described abéve (Fig. 6), and a cupric oxide * 


ae d) When the’ copper™ film was ; 


“Fig (2. 
Floated on water at 
room temperature for. / 


in es ing} Cristal Film of 7 Cover. ere teh ee 


which was he ie room ramperatire on main. 
tained at. an elevated. temperature, “but iw 
obseryed no differences in the | structure ‘of. 2 
-the cuprous oxide film by changing these con i 
_ ditions. (e}) When the thin single crystal film 
of copper was thinner than that used in be 


reas a ressuubael -el 
to that reported by L. Bruck. aa 


ness of the copper ‘iis ceed as the speeime 
might iS a cause of absence of ‘such, a £0: 
pound. ° | ot Es n st Xn 

The author ia Seaepiedl to the Departm 
of Education for the Scientific Research 
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Fig. 3. 
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Heated in,air at Maan 
for 10min. (773%) 
on 


' 20 ir gna 20 min. | Pls) 2 Spratt, 


' 2) Hig, ‘4, ae 
' Heated in air at 422°C. ‘hy : 
re + stot) 10 min: /ax) 
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2 Figs 3 
‘Heated i in air at 319°C 
for 10 min. (2/3 %) 
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Fig, 6.s gee 
Cu film on NaClherystal 4 
heated : in air at 186°C ce ea 
for 10 mins. (2/3%) - 


(3) sh Miyake: Seis Pap. Inst. es 
Tokyo. 29 (1936). 167. 


Chem: Re r . 


"Statistical I Tear of Lir mer, 
eee Double Refraction. rte 4 


fy 


By Ryogo KUBO. 4 eas ee ; 
- 4 ¥ ri +k p - “ m 
| Physical Department, Faculty, of. Science, Tok yo Imperial University. te . 


‘ (Received pee 23, 1937.) 


* x 


ou * 
e, 


ak “optically: iso- ae 
eformed, it shows double — 
se the orientation of isoprenes 
llel to*some patron ten direc: 


the cece eigen- sag The. repr 
ion. Ou the ory i is ‘eoncerned only with f eat élements by mathematical. 
me tte Be he. sar ‘ re adequate in the- case 
en | exists for the internal rota 
‘molecule — (for instance 1 
- molecule). pis * the correlati 
i ise: pees results or “four neighboring skelet 
pee from his. ie B gh vd 


in our papers I saa ul sel ‘Then the ‘eigenvalue, ae 
perties of a chain Sopeeency) ’ form Pip h beet ral 
Piss 0.8.x )= ~erp(sa 
ee aSpca')da'y reve ae IS) a \ ea ob 
aes 4 Ey Sea aa Ph i ; 
d notes the correlation probability 
eighboring vectors, It can be ex: ,_ If we ‘make ‘the assumption the it 


oa series of the characteristic fun- bs “sponding 6 the largest. ies does no 
i ! Me 4 " ij i ee ues 5 es 
Ny abe, x’, (6) is replaced by ae be 
A i AS 8, $6 )=exp(s (sacos@') 


ves ae 0808 


“shown in i ‘the eigenfunction ¢ can n be lon 
as ae 
? ek a HOP eos Yes Pood 
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‘“f=,[) a EGS ee POR MAY fh 

CVE Fe eC 
Bt ( gest Olt 2d.—, BaP cost) 
SN ae 4 ‘ Segura eur ast ha Ay: re 


(9) 


"where powers of 's hi her Pat s? are ‘ouitted: uy 
cn terms of e Eq. (9) takes the form 


f= Flt 90 ei a 


% a a Re rue 10) 
where es wh) oe Si 
(a wie i. ' 2 ‘ 
ee ae poe 2 1+¢,) 2 
Bee e +s ers ay ay 


aa deriving these {ebeidlge! we have ‘made | use. 
of ee given in fe By t The ‘expression 


y More ghnerally fn may “be ‘expressed as 
Fate The IP Ceos8) 


Af PIPL cosd as (12), 
er expressions for fis. can not. ane be > 
obtained | when s is large (with p near to its _ 
-maximuni ‘value Po). For a chain ‘without | 
correlation ic 3,1), we eet ms bie, 3 
Me as: cote 

c A ne 4z sinhas 


a eae 
=— = Af assercesd) ” re 


oes 
4 DAY! 


es Las) -cothas— = Geaaes hi ; 

“Naturally. (10) and ¢ 18). coincide with each other 
for small p if we put both’ c, and ¢s equal to. 
zero in ot 11>, When the positive and negative | 
directions « of the chain’ are fot prescribed, the 


eeesee 


ers cosd ee oe j 1 (18) 


ard 


- of: a long chain molecule lying between: 


S when the principal values of: the: detonate 


ve is 


PEN car doos O.d0,=wd cos ado, 
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; oS  p=pi? Nabe 


siahas %P(450080} oh Eg Ne 


pene with odd order vanish, ‘out from f when 


‘ot the-chain after the deformation are assume 
bia He ; paate Dien 


t Dele, Refraction. 
Se 


82. Orientation Probability as 
a Function of Eee : nue 


The), ‘Notations ‘are oe same as there 
- index of curling-p. of a chain iCeg.. the ‘D 


neighboring junctures) is given bys Fs 
p= MAG Bt CHO), 


2 


xe 


“are A, B and C (see II). Direction eosine & 


Bae 7 
ae AEB PICE) yee. a x 


“mation. We put a : eo 5s 


‘ete: sphere mat eadaecltg Its density fun 
wis given by the equation 


Solving ‘Eg, (a5) after us 2 Oy We: ha 
f= “A AGE zy = z: 


and from (18, Bes We 


By elementary sited we get. 
ae; = E00) _ 

Oe, 0) a) 
Both e and w are fonetions of @ and. 
_ Hg. (16). ei nts 
~The orientation probability’. of ‘omens 
‘longing to a _chain was given “in: §1. as a 
function of the ‘angle @ between the axis. of 
_ the ehain (%, % z) and» of an element. As: a 


p 
2 


Ly at 
at ae 


grade ee of angles referred to. the axes of) 


' deformation, the distribution “function Fa, $) 
for all elements belonging to various chains. cane 


i will -be obtained by averaging f(0' ) over; all 


possible orientations (4%, y, 2) of the axes of. 
chains with the-weight function w. The rela- 
ten oF Nerias angles. will be easily seen in 


a a 
= 


Re 
ape: 
hae 


- (8.4) 
ie (4 +B). 


Fig. 1. 


OR: origipal direction of a chain. 


OS: its direction rice the deformation. e 


—> e 
-OQ: direction of an element. « 


a =r monics, namely 
Pe. wfkP)=XfsVKO,0). >. 
te z - with 2 : 
> cosf = =cosOcos) +sin@sinOcos, 0 — 6). ( 22) 
ee _the averaged Beet will be found to be 


3 i FOS)=S ox Soft 0,6). (28) 


_ whete ( 6, $) ee the direction of Pes 
ix ‘element referred ' to. the axes of deformation. 
phe Terms with odd I disappear from (23). : 
' As we’ are interested: in mean values of 
Secon we néed only the. term with 1=2. 
We can write it as 
Fi=FP:(0080)+FoxP( (eos8))cos26, (24) 
- for F must be symmetrical to the transfor. 
eee “matign d>—¢. The coefficient Fx, is caleu- 
' lated by © | 


oe Py = Ge (Aleinp cose dcosoae 25) 


, Al) 


ea For small ?) we can expand fy as. 


yy  . F£p)=Dsp*+Dip*+ (26): 
and after some Uae jaar: we 
arrive at, i 
Bras ravage B+C? 
ay ano p.8 -~Ade. eet 
SB ‘ Foe= 2 3 Pi( A 2) ) 


) BYE! : 


- 


. \ ° . a ae . SY oe See, 
5 ‘ ; - : ; f ne See Tea 8p ec 


Ryogo KUBO, Pigaies figs: Sonia 


Inserting (19) in (12), we get Fi PyY-as func- ° 
_ __ tions of @ and 9. Thus we can expand the / 
eae whi into a series -of sphercal har- 


vaxes of the deformation will be 


. ar AaP.'( cos0)sing = y pa 
| 0! xr + AaP(cosO)eosh = {| 
where is Be ey oe, = eB. 
4 3 1 : i - 33 ie : 
a = (4 bat dn, Aam1—4 fees ; 
e es 


»the constant volume: ABC=1 
When the deformation is small, we Pa 
A=1+l, B=1+m, C=1+, | 
l,m, n<<i. (28) 
Then the functions Pp and w can be approxi- 
mated by : ; eh 
p= = Po 1+ix? {my net | 
w=14+381x?+-my*+nz*), : 7 
. 4 : 
and Fao by ; ‘ ; ‘ 
fetes 4e- og PU es | 
Fu= qe ri (BAK POT Pala PH) , 
‘ ~ m+n . | 
| «(0 ees ae 
For the chains without correlation we get 
from (13) 4 
1, —— Po Po ds. be : 
Fou=T- [ ier as, a | , 


mn) i (80 


pestle: 8 The Tensor of Refractivity. 


The coordinate system fixed to.an elemen 
shall be called as (1, 2,.3), the axis 1 of 
which is its ‘skeletal, direction. Let ‘the. com: 
ponents of the polarizability tensor be (a; 
Gog"*** Gigs), When the axis 1 has the 
direction (6, 6) and rotated orientations of 2 
and 8 about 1 are all equally probable, the 
components of polarizability referred to the 


xx at+-5 AaPCc0s6) : ee 
my 1 “ s pr: 
err=a-—> gaehccond): 
ees 5 AaP waned 
a wa a4 AaPcrost): 
“be 1 saP.X(cos0 Jeos2p € (81 


r=", AaP 30086 sin2g 


aha. 


be aa et 
ats & , 
Cal=at-f 1p AOR (88) 
te can ve seen at once that ae ea 

Rs: ¢ SCaxp)=0. Principal values of ASS S 
tensor: are. ee ee a contin a € 


“3 Mac) 


a —— ) i aa oe 
By mt ee Mxi+2 
ees 
‘ where Ni denotes ‘the total number of elements 
in ‘unit volume. Refractivity. My in unstrained: _ 


ete.. 


a 


a “state is defined by pees Bi he 
Bd de eh 
yes ot . . = } 
ro es Na pe Rico aw. 85), 
Hence: we get aoe ese 3 3 Pe 
hx oe a Ee my - 
nt +2— ni +2 SEN deen i (36) 
a whith allege 3 us to. nae nx ‘as a function 
. pot Ay Band G8 Ns 3 
Hf [mx-m|< kn the formula’ 

a _ Km +2)? 870. ae 
ae nx No bn, 5 Need Fig ee (8D) 
a] ‘may be ‘used. Inserting the. formula ges 
a : Ee ue = ap phe bo Sanaa ; 

4 ang Ba. eo we get. : 
d SS ar aN ps (m4) 
: a Ppa ca CPS -? 
; ? x( i aS ae i aa 
t th . 


Similar: formulae for ny and. ne can be easily | 


: a derived. For uniaxial elongation (B=C= 
an 1/VA yi it will be shown at once that s+ 


ie ee 7 a 
Anan hing, 15D ae wnat 


Beene Yy 


>In the: ‘paper II we have shown that the 
"stress X referred to the actual cross section 


is given by. wide 

_aRTp, 0." vee d 
ih ke _m i1+¢ (ar cae | 

“for not too: large elongation A, Thus. we get 
Mn. On “I+eLs (ne Pay? He 


- 


yt ‘hiessen and 3 Witesiaaes- 


4) 


_ Some hysteresis loop: for elongation larg: 


da aH). eh es? E89) 


as 3 


ees ae 185 Le, mk E | moe 
$4 Discussions. Pare eae ie 
n Fig. 2. we show the experimental result | 


Abe: bait ni 


ibe « » 
‘ os : eh 
x Experiment. 


Te 


4 


raction, é 


~ ‘Double refraction of vulcanized ‘rubber. nee 
= @perinient, : theoretical curves, ; 


. refraction as the taneting of elongation sh 


_ than 400% or 80, which -is-a Symbio 
partial crystallization. fe 
ane Pelation ys! <: "GN sere nes ots 


1 \ nas a 
ae Saas 4 ae 


ites depends. its on the ieipaseiire C 
20C to 60° C), which is to be expected Fs 
(38° if the effects of hinderance for rota’ onis \ 

, small (with D, nearly’ independent to) a 
temperature). Paver a pe reas Aci 

a It must be > emphasized that the ‘propor 


Se ath ieut. tb is s different ein that he aes rj 
_ For brevity we write (41):as : 


An (nh+2) | 1 Paes a 
ne wie: kT Oe ee oe 


. values, are: 
i. for cre without correlation, De 


Yah Rabat 
PS Soak =0.0444z. ees 
i ie. for chains feaaty rotating with | the bond 


pam equal to 109° 


ee <3 = =0.05567 


ie long paraffine- -like chains (RT'< Cie 
tee enn 


% : : op Fe 


a 45) 


\ 


2 a8 | . ice KUBO. ba 20 
\ 5267 hed ‘small uniaxial elongation, from ‘Bas. (30) and 
ae 46 = 

ee ggg Pe ©. (31) we get ; ha 
‘iv. for long paraffine-like chains (AT <U), 2x dN, ( ny? +2)? | 
; 172 AEE BEE Sasi: 
e Ree BU] Ri VIET, ‘ 
om 405 ¢ 0.04207 e : (47) [4 4 4 pi ds» } ‘haa 
‘ 2 
_Horst-Mueller gave the result as,’ dp 2 
i Pty Tua ae where tha foncatie in the bracket reduces to 
ad eo cas} Po” for small P), and for P)—-I1 it approaches — 


a a Bara experimental results for 4u/X he 
_ calculated 4a ‘which are given in the Table. 
_ The unit of 4a is 10-*. They are far smaller 


than (4a)xKerr obtained from Kerr-effect for , 


: liquids of monomers. Though polarizabilities 
_ of monomers in polymerized state’ might: be 
expected to be smaller than that of free 


‘monomer molecules, we believe that this coef- | 


Geant I is too large. From our results (44), 
(45), and: (46), C4a@)cai. are: about, 40 times 
7 ‘larger then those ‘given by Horst-Mueller, If 
“we require that ( Aa)cai=(Aa)xerr, we get for 
Sidhe /kT) from (47), ‘ Numerical values _ are 


‘ é 


Table I. 


' |Polyvinyl- 


eo 
Polystyrol chrolide Polyisoprene 


Bet Ae) zene «50S 1n5_ 20 
Ga Wht) | 352025 |. © 0.45 0.87 
iB (Ad)x | —140~-—100} 18 ~ 35 
Pe Ee (aie | -1l0~-\80} 4 28 


—105~— 751 10 26 


eo uke “B2~23 20~4.1 | 1.98 


te 3, ‘4, and 5 are calculated by Eqs. (44), (45) and (46) 
4 aia 


buattes for the double.refraction. Frém the 
table it seems that our coefficients I’ in (44), 

_ (45), (46) are somewhat too small, while the 
_ hindering potential. U obtained from Eq. (47) 
" are surely of reasonable order of magnitude, 
Be Certainly. our theory is not so rigorous that 
+ we can get any. detailed picture about the 
hinderance of the internal rotation. However, 
re, pdt might be interesting to notice the effect of 
“4 hinderance upon the double refraction. . 
~The double refraction for a given deforma. 
tion ‘will: be Jarger if the index of curling is, 
‘ larger (PoP) because of the strong internal 
* tension of the chains. For example, we can 
é easily, verify this in the case of: chains. with- 


* ‘out’ correlation, When the deformation’ is 
rye y P tom 


_ the case of chains without correlation 


‘The case i, ii, and iii give nearly the same 


ai A exist firstly in the correlation f 1 


to 2; we can see it by the asymptotic formula, — 
1 a 


Py= EX as) )=1- (Bang 
In Eq. (38) Il, we gave the rigidity 
GS (ast gape Se Jes) 619] 


Thus we have a general expression for © in 


ae 
er cpereeay meme sera 
ASP +3 a SPo° dp, . 


The behavior of [ is illustrated in Fig. 3. 
For a given stress ‘the: double fefraction be- 
comes smaller a§ , increases. 


li el Nth ee 


ee 


1.0 


a 


0-4 


0 O44 Os — Pp 
5919S Rem 
Bos aia Ne a St 


Egq.. (52) as the function of fo and 7%, or 
the number of units involved’ in a chain. 

It is assumed here that c=1 in Eq. (7), 
IT (cf. Fig 3. QI). 


ae Conclusion. \ 


Tous I believe I could give a ‘more satis. 
factory. theory than anyone ever given, based j 
on the network model which are now widely 
accepted. The approximative | nature of our | if 


ny 


in Eq. (5), which must take more complicated 
interactions. into account, and secondly the 


ina chain and in different chains, which is 
4 the so-called yan der Waals correction cor- 
_ responding to the ‘theory of actual gases, 
~~ Though not. able today to predict how these 
- effect on I, we might expect our J” is right 
_ order of magnitude. In the next paper we 

will discuss the effect of hinderance for 
internal rotation. 


-hegilection of the repulsive effect of elements 


Statistical Theory of Linear Polymers II Double Refraction. 80 


t 


In conclusion the writer wishes to express. 


jhis thanks to Prof, Ochiai for his interest 


given to this work. 
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Further Confirmation of the Angular 
' Correlation of the Successive 7-rays. 


By Yuzuru WATASE and Seinosuke OZAKI, 
Neuclear Physics Laboratory of 
Osaka Imperial University. 

(Received’ June 25, 1947.) 

The angular correlation of the, successive 
y-rays émitted from the daughter element of 


Zn aud its variation with the resolving time 
of the coincidence circuit was studied. The 


circuit was almost similar to that used by 


ty 


ae 
i 


Nyy (90") 
This shows that the angular correlation is 


Watase, and its resolving time was varied by 
changing the resistance of the mixer stage. 
With the, various resolving time, coincidence 
rate was counted alternatively at 90° and 180° 
of the angle subtended by the two counters to 
a yray source. The results were as follows: 

resolving 2.7.0.2 6.2403 10.440.5. 14.040.1x 10-7 


. time: min 


BOD) 059%. 0: 15 0.63:.0.09 0.714.012 


very prominent in the present case. There- 
fore, we may conclude that the successive 
yrays have large angular momenta- respec- 
tively and spin changes between the concern- 
‘ing levels are very large. 

From the variation of the coincidence rate 


“ with the resolving time, the lifetime of she 


‘intermediate level can be calculated. In the 


+ present case, at least two modes of the suc- 


, cessive 7-ray emission which have the inter- 


mediate level of the very short life time one’ 


and long life time ‘as long as 7x10-§ min. 
are thought to exist. 70% of the disintega- 
tion belongs to the latter and 30% to the 
’ former. As Hamilton discussed, only the suc- 
cessive 7-rays’ emitted through the shorter life 
levels can contribute to the angular correla- 
tion, This agrees well with the variation of 


' Ny 180°)/N;;(90°) with the resolving time. 


A little detailed description was already 
given on the Japanese edition of this. pro- 
ceedings. 
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“SHORT NOTES. 


On the Specific Heat and Thermal ~ 
Expansion of Barium Titanate. 


By Syozo SAWADA, Gen SIRANE 
and. Hirosi SUGAWARA. ioe 


The Second Faculty of Engineering, 
Tokyo University. 


(Received July 21, 1947.) 


SE oy ow 


We are observing the specific heat and 
thermal expansion of barium titanate bee 
roomh temperature and 200°C. 

Main results obtained untill now will be re- 
ported briefly in the following. The mixtures 
of BaCO, and TiO, of molecular ratio 1: 1 
were pressed into circular ‘disks and these 
were sintered by the gas-furnace. The matures 
are considerably porous. 

The specific heat of powdered sane in al 


_ eylindrical vessel of copper was measured by 


Sykes’method. For the fear of reduction and 
some other reasons We performed observations ; 
in the air, but the samples were thoroughly pre- 
heated for the removal of moisture. An ap- 
paratus to measure the specific heat in vacuum, 
is now being constructed. An example of ob- 
served values of the specific heat is shown i 

Fig. 1. An anomaly of the A-type is observ: 

at 108C. The degree of sinter of sample 
and: other conditions vary the position of t 
peak between 106~ 110 and displace the 
curve slightly. Latent heat was not observed. 
For the sample illustrated in Fig. 1, the pea 
of the dielectric constant was observed a 
111°C. Also for other samples, the positio 


oh 


~ the: dilatation of samples is ‘magnified by two 


dielectric ‘constant. | is always 


obs ved at a few degrees above that of the — 


eat. -—As far as we know at present, 


4 Vul and Goldman‘ 1) observed an abrupt change 
of “the specific heat at 125°C. Miyake and | 
Ueda® expected — an. anomaly of the Atype 
POL specific. heat in the. neighbourhood of the 
transition point as a result of their differen- 


tial thermal analysis. Hippel‘, on the other. 
“hand, did not “observed any anomaly in the 
~ cooling curve for a sample’ composed of 13% 
BaTio, and 25% ‘SrTiO,. \ 


The thermal expansion was observed by a> 


thermal dilatometer of a new type, in which. 


rods of. quartz. possessing a small mirror ab ~ 
one end of them respectively. This apparatus 


allows us to measure the | dilatation such as 
Bat; 10-*. 


easurements were performed in 
the air. An example of gbserved values of 


the thermal expansion is shown in Fig. 2. -A 


“eontraction is “observed in the range of 10°C. 
near the transition ‘point. © For the sample | 
‘illustrated’ “in Fig. 2, the - thermal expansion 


coefficient shows a negative /peak at 110°C. 
As in the case of specific | heat, the position 


_ of the peak and the form of the curve varies 


slightly for different samples. The same curve 
was obtained for. both heating and cooling. 


The peak of specific heat of the sample oft, 


- Fig. 2 is also at 110°C. It seems ae be pro- 


ae _SHORT —" 


coefficient and that the peak of dielectric con: 


‘constant showed a maximum at 85°C. an 


| _the X-ray investigation. 


_ been obtained. Hippel observed the therme 


(1) 


(2) 


oe 
bable that ihe Bosittons of the. ee “of epee es 
heat coincides with that of thermal expansion 


stant is observed at minimal volume. - et 
contraction of volume and the increase ‘of 
dielectric constant may be ‘in an intricate rel. 
tion. For a sample of the Tosiba Comp. Lt 
which contains 98 % BaTiO, (excess Ba) an 
2% Al,0;+Fe.0, in weight the dielectri 
the thermal expansion coefficient a m 
mum at 80°C, but contraction was not observ 
Though the broadening of the transition ‘point: 
caused by the addition. of impurities and th 
excess of Ba may extinguish _the contraction, — 
the judgement’ can: be given only by further — 
researches. Our observed value of thermal. | 


--expansion coefficient agrees’ well with “th 


value) calculated. from the temperature de 
pendence of lattice constants ‘determined b 
Though Ueda o 
‘served the cubie expansion coefficient usin; 
liquid paraffin, the absolute value has not ye ay 


even if it indeed existed. i 
Details of this research will” be publse e 
SD eTH Yc Wars . 
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92 ; SHORT NOTES. 


The Relaxation Effect of 
the Cuprous Oxide Rectifier after 
the Application of Strong Field. 


By Akio KOBAYASHI, 


Research Laboratory, Tokyo Shibaura 
Electric Co. 


(Received August 11, 1947.) 


~ + When a strong field above 50 volts was 


applied in the hard flow direction to a cuprous 


oxide rectifier immersed in an oil bath, the 


current which was of 20 to 50mA at the 


_ beginning increased steeply and reached some 


hundred mA after 1 or 2 minutes. After 


= ‘Switching off, currents at d. c. 0,2 volt, which 
were about two times larger than the initial 


value, decreased with time and approached 


es: asymptotically to the initial value. Fig. 1 


shows those currents measured instantaneously 


; versus time curves, being the upper line for 
"easy current flow, the lower for hard current 
adlOWe 5 


Temp . 3 3c 
+0,2 VOLT 
EASY FLOW 


INGTIAL 


NITIAL 


Th 


Fig. 1. 


; The current is empirically given by “the” 
following formula 


j=jv+a0-tl= 


‘ 


where 7 is: the relaxation time varying with 
temperatures and is given by 

TACs ; 
as shown in Fig. 2. @ and Tt have the values 


0.05eV and 2 minutes. at room temperature 


respectively. 


tA 


~ HARD-FLOW 
CURRENTS 


Nr Te Tae ee ey ae ee OEE ET EMR ee Le eee ENT 


Fig. 2. ; a : 


a 


The effect’ can be explained by electrolysis | 
of the blocking layer under strong fields and 
the variation of the space charge of trapping 


and impurity centers by ionization bys col- 
lisions), 
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| 1. Introduction. 

In 1944, T. Ogawa“) discovered a remarkable 
lielectric property of barium titanate (BaTiO:)*. 
ts dielelctric constant ¢ is abnormally high, 
a 2000, at room temperature, and moreover it 
S found that there is a conspicuous peak in it 
it about 110° C, wherein the value of « attanins 
° about 8000 or higher. Such a behavior re- 
embles very much the so-called ferro-electricity 


yf Rochelle salt and pottasium phosphate(KH: 


0.) It is natural to suppose that the peak 
yf eis related with some kind of phase transiti- 
5 


ributing to their dielectric anomaly, barium 
itanate does not contain any such light ions. 
Phe. explanation of the BaTiO; seems to be an 
nteresting problem in the theory of solid. 

The ‘present | authors, who are fortunately 
fered the sample from Ogawa, performed 


i a) CUNT A ti ; . on te 
Bie. , ily hall NA ue 


-° On Phase Transformation of BaTiO, . 
By Shizuo MIYAKE and Ryuzo UEDA 
| Kobayasi Institute of Physical Research, Kokubunji-machi, Tokyo. i 


(Read October 22, 1946; Received April 22, 1947) 


But in contrast with the latter two subs- — 
ances, which involve hydrogen atoms con-_ 


“* Last autumn (1946) we could know the jae 


(510) 


(43 22) : Be 
Room temp- Ge 
erature y |) 
uac 


. Fig. 1. Debye back-reflection photogrephs of BaTiO; (Cu Ke) sa : wi 


( 


X-ray and calorimetric studies. The cane : 
we could obtain i is of the form of the porcelai 


at about 1380°C. Sid fi 
; aS PhDs X-ray Study 


ae minute change, the back- ae can 
(R=50. 20-0. 08mm) is mainly applied. 

Cuk, radiation is used. A thin alminum 
is placed in front of the photographic filr 
eliminate. the fog due to the secondary 
from ‘Ti-atoms. L he ‘Debye photzaspie 


‘discovery of the similar | casey by. B.M. 
Val. 


i Me gene al singlets but nae (Fig. 
The split of lines can be most clear at 
of sere oe namely for. the (510) 


zt S hkl hh’ 
a | een. 2 
mbic 6 | 3 
edral 2 eles a a 
12 | 6 
a=c 6 | 4 
yt thoy pabS . 2 
by the formula, 
SEAR 
2 c | 2 
Eman oyace ; 


Pe ey, 
d= ate . 


ye ae 
ration of lines, we can assign the tetragonal 


every line. In the Table II the values 


into the tetragonal structure. The poss’ 


° 


g this with the experimetally observed 


+P) for the (510)(431)-line are indi- 
e ‘telative ens epaed of the Ob- 


perfect cubie cheer Frok the abo ob 
vation, it is evident that a lattice transform m 
takes place at abeut 110°C. cots sean 
The lattice form at lower temperatu 
next to be determined, Though the det 
nation of the lattice form from the sole 
ledge of Debye photograph is in general di 
but since in the present case it is appare 
that the deformation of the lattice from fl 
cubic form is only slight, the following prox 
dure can be applied with success. W 
lattice deforms from cubic into other | 
forms, the Debye lines are anticipated to s : 
into the multiplets as indicated in Table 
On comparing the Table with the obse: vi 
multiplicity. for the (510) (431)-and the 
lines, the only possible case is the deforma 


of the deformation into other lattice forms n 
included in the Table is out of question. 
The spacing qd of the tetragonal ae 


WEAN r hko 
1 . Sect 
ra te 
2 8 
a a 4 
2 3 
; om e 
Table Il. 


No.yatineeok 


‘Tetragonal Be 


1e Hulioise Gooutd appear like a quartet, 
actual case|is, when a line due to Kos 
eglected. For the doublet’ of (422)-lines 
ilarly we can assign the tetragonal indices 
and (224) Ge ey: 


Btant a and 8 aa an can be Mordonted In 
ole Iii these values corresponding to various 


ble IIT. 


Lattice constants and lattice volumes. 


eS va ‘ | Cae Volume 

a (A) Ona 82 (14-4,) ator h 

ae ete tay) hee, 
3.982 | 0.0091 | 0.6067 | 4.017 | 63.69 
3.983 | 0.0089 4.0074 | 4.018 | €3.70 
3.984 | 0.0082 0.0059, 4.015] €3.73: 
| 37986 | 0.0075 0.0059 4.014 | 63.78 
3.988 | 0.0C66 | 0.0047 4.012 | €3.80 
| 3.996 €3.90 
VS,999" €3.93 
- 4.000 €4.00 
| 4.006 64,26 


&0 


120 ~~. «760 200 “40 
petenp. 0 
Fig. 2. Change of lattice constants. - 3 


yperatures are shown, wherein dei is the value 
© computed on (510) (431)-lines, and 82, on 
2)-lines. In the last column the volume of 
wunit ‘cell V=¢"-c.is represented. In Figs. 
3 and 4 they are graphically reproduced. 
> discrepancy between 6, and &2 is somewhat. 
large. to be ascribed to the experimental 
i though the general trend of the both 
ves is the same. The error may probably 
le from the disturbance of Ku. ; 
Haviation, of the Tattice constants is likely 


2: 


Temp C 
Fig. 3. Change of 8, 


«(120 160 200 240 ep 
Tene G tesa ae Oe 


Change of lattice volume. 


0 40 &0 


pHi. 4: 


to start from fe below the ‘tranetérmelion ae 
point T; (ca 110°C), but the variation near los 


seems especially rapid. Whether or not. the — 
change of the tetragonal structure into the 


a 


cubic one at T, is continuous is not clear, be- 


cause in a temperature range 100°~110°, the 


multiplet takes a diffuse appearance as men-— a 


tioned before. (See Fig. 1) 
On the other’ ‘hand, the volume of the unit 


cell V has surely no discontinuity at the trasiti- — oe 


on point, although there is probably a discon- 

tinuity in the expansion coefficent. (i 
The volume expasion coefficent a of this 

substance in the cubic-region is given by 


a@=3-2x10~/'C in the cubic region, 
a=1-9x10°/°C in the tetragonal region. - 
The intensity of lines. Whether the transfor- 
mation now encountered involves cispincon ees 
of some ions in the Jattice or not is the next 


question. Ata glance the difference in the 


intensity distribution of Debye lines can not 


be observed between the two forms of this 


crystal, except the splitting of lines. 
More quantitative intensity measurements 


are performed for the multiplet of (510)(431)- 


; es No. ce “2, a merge into a aldo: ines so 
ine. The line intensities measured with the 
photometer are compared with those whi- | 
expected when the ion arrangement of 

the perowskite type as below is assumed. 


as 
ce 8 cosé 
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alc) coincide for the line No. ak 


oe and Toate fairly agree to each ~ 


xcluded, the ees of the ion con 
Y will hardly be very large. 


i 3. Thermal Analysis. 


‘the x -ray study it becomes clear 
3 makes a are transformation of » 


eat or thet thermal yah The Mind 
differential’ calorimetric method dS, 


Fig. | 


Sample. sek 
Control Substance. © 
Differential thermojunction. 
Thermojunction. 


- Reading of Galvanometer 


to be filled. with the BaTiO; an 


substance of similar cpanel res 


pihebanbasl: Sanaentocen a Pe 


sensitivity 4- 1077 volt/div. The efi 


one division on the lamp 


to the temperature difference 


The calorimeter is placed » ina 
nace and heated. gradually wit 
the temperature rise about. 


The temperature of the calorimeter my 


by another thermojunct 
central hole of it. In 

the heating curve thus ¢ 
In this curve a knick apt 


: Averaging the results 


i s y, 


-T, 212: 6-40. BC. 
if the. Sunline experiment is also’ found the 
ck due to the transition at the temperature 


» 


re 


the dielectric constant occurs at 125°C. 
ording to Coursey and Brand this tem- 
ature is 120°C. These values are somewhat 
gher than ours, 120°C. This discrepancy 
ons to be. caused by ‘the difference of the 
n ical composition of the samples. In our 
ple is included impurities of few per cent 
the reason of the ceramic technique, and 
ay may bea responsible for the lowering of 
transition pee arene 


uae Remark. 


By i the analaogy of the dielectric anomaly 
the Rochelie salt ery’ stal and BaTiO, it is 
‘f natural to Suppose that the es of 


ere likewise possesses anes Eaanentd elect- 
‘(tele In other words, fond may 


same as above within the experimental 


Vul and Goldman‘ reported that the peak 


C heat, sich that in re a 


, the transition tem- _ 
‘present sample is deter- 


_ According to the crystallophysical considerati- 
on, the polarization should take place in i 
_ direction of the c-axis, since the lattice form 


- explain the polarization, therefore, the ele 


. the Sess nature of these ishds is the ae € 


the Sead theory. 8. Su 


ne SRoulectned in ae ou: femnperature: form. . 


is now known to be tetragonal. The Sane 
tal result shows that large displacments of ions 
is not likely to take place in the transition. To 


ic prieis isa more plausible than the eee ° 


rminant factor in the phenomena, though se é 
more extended consideration is difficult-1 int 


dences are highly desired in Grder to es [ 


4 
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Effect of External Sires on X- “ray ieee eee is 
from Rochelle Salt Crystal. “4: 
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— aie ; a me Introduction. : 


ct fe eiersture variation and of electric 
d. Tt was shown there that the experimental 
esu Ss are ga explained waen Rochelle salt - ‘ 


soa hohiain® structure cohnbasl of 
all regions which are spontaneously 


ea single domain is considered to 
tetragonal crystal, and'the crystal as a 

n the other hand, is considered to bé 
abic, the inhomogeneous distribution 
is produced internally in the crystal 
epee of the. domain structure: It 


ee an ‘important influence upon 

ay reflection. In the previous papers it _, 
a 3 shor n that the variation of the relected 

-ray intensity from Rochelle salt with temper- 

change and application of electric field 
an be thoroughly understood by relating it eat a 
corresponding changes of the domain Conn Pie L Semple holder. eet 
the assumption as made have is Rune crystal S,a rectangular thin plats is 
it is expected that the reflected intensity at one end of it, and on the other 
also suffer a large effect by external force is applied with a metal rod 
, Since the latter is considered to_possess. ter 5mm, which is pressed by a 
arge influence upon the domain structure. an advancing screw B. The fore 
' following experiment deals with this  justed by the rotation of the 
advance being 2 mm per on 
count of the mechanical fr 
3 . Salt, however, specia pr 
crystal holder used for the present p ae on clamping and. ppl 

is shown in Fig. 1. The sammie eo the ad breaking of 


% ‘ee By i 


ee : pis 2: cere Procedure, az, py 


SO ‘the crystal and metal parts at A and 
_ These circumstances necessarily make the 
nechanical condition of the crystal very ob- 
ire. In later paragraphs, the division num- 
r of rotation of the screw is indicated, in 
der to give a measure of the magnitude 
f stress applied on the sample, where the 
umber 10 (180°-rotation of the screw) being 
orresponding to the force of about 50 gr. 


Ss are applied at the contact sur- 


eight. But it is meaningless to speak of the — 


bsolute value of the force, because the me- 
hanical condition of samples is not rigid. 
‘he division number of ‘rotation, therefore, 
hould be understood merely as the value 
oughly proportinal to the applied stréss. 
The measurement ‘of the reflected X-ray is 
erformed by using a double crystal X-ray 
pectrometer (d.c.s.), as well as by an ordinary 
ingle crystal spectrometer (s.c.s.). We.can 
now the integrated intensity of reflection by 
stimating the area of the rocking curve ob- 
lined by d.c.s., or simply by the value of peak 
tensity of the curve obtained by s.cs. The 
stail concerning the state of the lattice defor- 
ation are inferred from the form of the rock- 
\S curve obtained by d.cs. 

The samples of the Rochelle salt crystal are 
il rectangular plates with the longer sides of 
out 25mm and the shorter sides of about 
Jmm and the thickness about 1.0mm. The 
bservation is performed on the following four 
amples which are cut from large single crystals 
f about 400 gr: 

‘No. 1, The face of the plate _L c-axis, the longer 
side || b-axis. 
No. 2. The face of the plate. 1 c-axis, the longer 
oj side || a-axis, 
No. 3. The face of the plate _L b-axis, the longer 
: side || c-axis. — 

No. 4. The face of the plate 1 b-axis, the longer 
3 side || a-axis. Par! pore ys 
he clamping is always made at the shorter | 
de as shown in Fig. 2. 


a > eee ce 
ie <a ne 


"measurements are performed on the _ 


intensity of reflection of the rays transmitted — 


through the crystal. They are kept at room 


off of External Stress on X-ray Intensity Reflected from Rochelle Sait Crystal. EGG 


temperatures which were in general below the’ _ 


Curie point. Mo-Ka@-line is used. 


§3. Experimental Results, 


Three examples of the result obtained on the 


sample No. 1 are shown in Figs. 3, where 


the ordinates indicate the integrated intensity 
in arbitrary scale, and the abscissae the division a 


joo Intensity 


——= Force 
' Fig, 3 a. (080)-reflection from. the sarnple 
No. 1. Measured with d.cs. 202°C. 


ones 


30 


Ss 


Intensity ~~ 


—s 


Fig. 3 b. (080)-reflection from the sample 
No, 1, Measured with s.cs.. 20.2°C, 


a 

= : 
s 

Ss 

| LP set SIT AES Naa 
——~ Force : 


Fig. 3 c. (200)-reflection from the sample 
No. 1. Measured with s.cs., 19.0°C. 


Ma Bed age Ws, 


‘potional to eae exerted | Fone Similar results 
or ‘the sone No. ies No. 3 and No. 4 are 


isn 


Intensity 


Fig. 5b. “(200)ereflection Pid the sam 
No. 3._ Meesured with S.C.S. 20.8°C. 


a See 


Intensity i 


! ae . 

ae Force 

. (080)-retfection trom the sample 
Ze Measured with acs. 19.5°C. 


e 
F 
“ 
4 
ao 
= 
—S 


Ei 
Fig. 6. (200) reflection fro 


No. 4.. Measured ate ‘dc s- 234 


a , ey =r) 
$4. Domain Structure and ane 
& 4 be (200) -reflection from the sample 
Tears. 2. Measifred with s.c.s. 20,8°C. ‘As mentioned. before ‘th 
Sac st . Rochelle salt serves ina 


- Intensity 


nee (001)sreflection from the sample : 
Measured with dics. 183°C. 


‘eer 


ye Pa hoe es Say, : 


imental. results show that ‘sé is large 
all value of Y, and y, shows a satura- 
or. large stress, when the temperature is 
he ferro-electric region. This fact means 
at the domains with spontaneous deforma- 
MS —/yzo| (or +/yeo/) are very easy to trans- 
m to the ones of +! yzo{ (or —'y.o|) by the 
plication of a small positive (or negative) 
ess. When the stress is sufficiently large, 
> whole crystal may therefore become a 
ge single domain, so that the inhomo geneous 
ain due to the domain structure will disap- 
ar in this case. 


§ 5. X-ray Intensity and External Force. 

t is well known that, in general, the extinc- 
n effect for the X-ray reflection from crystals 
exceedingly influenced by the distribution 
‘the inhomogeneous strain in the lattice. 
the case of the present experiment it is 


sidered that there are two sources for the. 


tice deformation, the one is that provoked 
ectly by the force externally applied, and 
1 other that being due to the domains. 
1en the force is exerted on the crystal, then 
: inhomogeneous deformation of the former 
gin is naturally increased, so that the extinc- 
n effect is lessend, accordingly the reflected 
ensity should increase. On the contrary, 
shown in the above section, the lattice de- 
mation. due to the’ latter origin would in 
S case tend to disappear, and X-ray intensity 


y decrease. The intensity variation actually | 


served will be the result of the combination 
these two effects. 
Phe curve I in Fig. 7 indicates schematically 


Tatensity 


ae f b “ y 
(SS ae Force. a a 
A i . Bigtan&: 


intensity variation with the extécnal stress 
an when the lattice pie is peal per- 


_ dominant as compared with other components, _ 
_ and similarly for No. 2, Zn, for No. 3, Y. and oe 


_ being due to the manner of the produced stress _ 


tof E External Stress on Xr ‘ay Teer Reflected from Rochelle Salt Crystal. oa 


the domain > ssevnietine If the lattice > plane is 
‘the one distorted by the domain structure, : 
then the X-ray intensit ity may take a ter a 
value already at the beginning (the point B), 
and the intensity ‘variation with the applied 
stress may follow the curve II, whereby it is 
assumed that the domain structure is kept 
unchanged in the process so that the strain 
produced by the external stress is simply © 
superposed on the strain due to the domains. 
Actually, the intensity variation may -be re- 
presented by intermediate curves (the curves 
III in Fig. 7), since the domain structure is ’ 


supposed to perehee gradually by the ex- 
ternal stress. 


a) 
. 
. 


ee 


el 


§ 6. Intensity Variation. 


ees 

In the present experiment, the stress exter- ® 
nally produced in the crystal will be of the < a 
following manner: 


For the sample No. 1, only Y, may be pre- ie 


for No. 4 X, are the prevailing stresses. ay 

As fully dicussed in the previous papers, Eee: 
the distortion of the net plane by the domains — Es 
is supposed to be most pronounced for (OKO) Pe 
and (00/), whereas (/00)-plane is Supposed to a 
be approximately independent of this struc: 
ture. In fact, (200)-reflection is showing the 
normal behavior such as expected from the a 


curve I in Fig. 7 against the applied stress, as. i 
seen in Fig. 3c and 46 etc. The difference — Fe. 


between Fig. 3c and Fig. 4 is understood as. 


as above mentioned.. These curves are all re- — 
versible for increasing and ‘decreasing stress. 

On the other hand the curves obtained on Re 
(080) and (001)-reflections have very peculiar 
characters. (Fig’s. 3a,3b, 4a, 5a). First, in ah 
the curve for increasing stress, there appears 
a minimum, except Fig. 5a. Such a behavior 
is explained by considering that the intensity os. 
of these reflections follows some of the inter- _ 
mediate curves III in Fig. 7. If stress is suffi- 


ae 


by) tae 
ee 


Pas > 


ciently large, the intensity may finally come 


to move completely along the curve I. * 


Second, the intensity curve is irreversible - 


against the decreasing stress, so that always 
a hysteresis loop is resulted in. This is ex- 


plained as being due to a relaxation of the 


_ reestablishment of the domain structure after 


removing the applied stress. On account of 
this relaxation the intensity for decreasing . 
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stress should nearly follow the curve lin Fig. » 


“7, and in general the intensity at zero stress 
(the point A) will take a much smaller value 
than the initial intensity (the point B). This is 
exactly corresponding to the experimental 
results as seen in the figures. 


§7. Form of Rocking Curve. 


Just like intensity, the lineform of the re- 

- flected X-rays depends on two kinds of the lat- 
tice distortion, the one due to the domains and 
the other due to the strain produced directly 
by the external stress. In the present experi- 
ment it is observed that the width of the line 
is always broadend by the external stress, 
although the case in which the width becomes 
Narroweris not impossible. If the applied stress 
is removed from the sample, however, the strain 
produced by the external force will then dis- 
appear, but since the reestablishment of the 


28 


16 


———~ Intensity 
7 


"00" 50" 0 30 ea 
——~ Angle 
“Fe ig. & Rocking curve of (080)-reflection from 
the samp'e No. 1. Measured with d.c.s. 
20.2°C.'—-@—: 
—@—: 


Before applying stress. 
After removing stress. 
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domain structure seems not to begin at once, § 
that the crystal may be regarded as of fairl 
perfect lattice in this short period. This ca 
be actually confirmed as shown in Fig. 8, 7 
which the rocking curves of (080)-refiectio: 
obtained for the crystal sample No. 1 befor 
applying and shortly after removing the stres 


_ are compared. It is seen that the line become 


considerably steeper for the latter case as 
pected. 

The. reestablishment of the domains seem 
to take place in about one hour after the re 
moval of the stress, which can be known 
the recovery of intensity and line width 
the initial values. 


b 


§8. Conclusion. 


From the above description we are convin 
that the assumption of domains in the Rochel 
Salt crystal is valid. Three experiments, ¢ 
previous two and the present one, can be fu 
explained through this assumption without a 
contradiction. The above results, however, |! 
not tell us the more detailed knowledge 
domains, such as their size as well as thei 
shape. This may be the question which is ¢ 
be researched in future. 


I wish to express my sincerest thanks ¢t 
Professor S. Nishikawa for his good advice 
A part of this work is indebted to the researe h 
grant from the Ministry of Education. 
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| Abstract 

_ Silver which is dispersed as small particles 
2 the intermediate jayer of Cs,O photo- 
Pe iode: has the characteristic optical constanis. . 
of -a thin film, and-hence has an absorption 
band in visible range. On the other hand, 
the - “spectral sensitivity of the cathode shows 
a remarkable maximum in visible range. We 
assume that the ‘selective maximum is due to 
the volume photoelectric effect corresponding 
° "the foregoing absorption band of silver 
in film. We have calculated the light ab- 
sorption in ihe surface layer of a silver thin 
film lying on a glass plate and obtained the 
“spectral ‘sensitivity which is in qualitative 
agreement ser the Gorrean I one. 


L Introduction. , 


ft i is Eels known that the spectral sensi 
Cs:0 photocathode has a remarkable maxi- 
im between 6000 and 8000 A, and its thresh- 
ies at. about 12000 A. Such a selective 
imum of the spectral sensitivity is also 
served for all metal ‘surfaces covered with 
cali metal films. Ives®> interpreted success- 
ly this selective effect of thin films of alkali 
tal, calculating the electric vector of light 
the ‘surface, and assuming that the number- 
photoelectrons was proportional to the ab- 
ption of light in the surface layer of the 
thode. 

n this article the other will attempt to 
yw- that the selective effect of Cs.O photo- 
hode can also be pinkeroreted by such an 
tical” factor. i 


2. ‘Structure of Cs,0 Photocathode. 


ves®) investigated the spectral sensitivity’ of 


photocathode by the above method of 
ing and concluded - ‘that the selective 
sct_ in the ‘mentioned photocathode could 
reted by the- cee factor. pe 


0 


stocathode that is, a platinum aes 


. 


J “he Optical Theory of the Spectral Sensitivity 
NS oF Caesium-Oxide Photocathode 


ce joes By Yoshihiro SAYAMA, 
‘Electronic Engineering Research Lab., Tokyo Shibaura Electric Co., Ltd. 


(Received May 11, 1947.) 


_with the discussion of the structure of Cs,0 


- can be further sensitised by the oe of : 


_and the reduction, so it is not adequate fo 


metal covered with an intermediate layer of 
quartz, whose surface is covered with a thin — 
photosensitive film of caesium. Such a model, 
however, is far from the real situation in the 
Cs.0 photocathode. Therefore, we will start 


photocathode. 

--€s,0 photocathode is usually ecenaiod Shy 
the following method. A silver oxide film of ES 
about fifty molecular layers is prepared on — = 
the surface of a thick silver film by the dis > 
charge in oxygen gas. The caesium vapour ie 
is introduced onto the surface of the oi 
layer. Then the silver oxide is reduced’ and — 
the fine silver particles are dispersed in the 
layer of the caesium oxide. This cathode 


Sensitivity” 


4 (A) 
Fig. 1. Spectral Sensitivity of Cs.O 
Photocathodes of Varions Types. 
Curve 1. [Ag]-Cs,0, Ag, Cs-Ag 
Curve 2. [Glass}-Ag, Cs,O, Cs-Ag 
Curve 3. [Quartz]}-Cs,0, Cs-Ag . 


a small quantity of silver ‘upon it.@ The % 


_ spectral sensitivity of the cathode thus pre- 


pared is shown in Fig. 1. (curve 1). In this 


type of cathode, the boundary plane between 
-the base of silver metal and the Cs,0 layer 


is not smooth enough due to the oxidation 


proceed our calculation for such photocathode. 


Fo ed 2 


é a“ 
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Another type of Cs:0 photocathode is a 
semitransparent one, which is prepared by the 


_ following method. The silver film of a few: 
mp thickness is deposited on the surface of a 


glass plate, and then it is thoroughly oxidised. 


The subsequent procedure is the same as for 


the first type of cathode. In this case Cs,0 layer 
is produced directly on the glass surface and 


the. layer contains the silver particles. The 


‘spectral sensitivity of this type is shown in 
Fig. 1. (curve 2). We shall try to calculate 


* the optical factor for the latter type of photo- 


cathode, as the structure of this type is simpler 
than the former. However, there is no es- 


sential difference in thé mechanism of the 


electron emission between these two types or 


= _ cathodes. 


According to Asao™ Cs,0 layer which con- 


- tains no silver particles shows no significant 


absorption in the visible spectral range. On 
the other hand, the silver film evaporated on 
the layer for the purpose of the sensitization 
shows a transmission and reflexion charac- 


teristic to the thin film of silver and not to 


the thick one. The spectral sensitivity of the 
mentioned cathode is represented by curve 3. 
(Fig. 1).. According to Miyazawa’s exhaustive 
study“ of the semitransparent Cs:O cathode, 
the red. ced silver particles in the Cs,O layer 
are foul to play photoelectrically or optically 
a similar role to the silver film deposited for 
sensitization. Thus we are inclined to 


take up the following simplified model for 


this photocathode: On the glass surface lies 


Vacuum 


. Silver 


Fig, 2. Simplified Model of Semitransparent 
Cs,O0 Photocathode. 


a silver thin film of about 100A thickness 
which has not the optical constants of bulk 
state but for thin film-state, and whose photo- 
electric threshold wavelength lies at about 


12000 A due to the very thin covering film of 


_ C&O. The optical behavior of Cs.0: (Fig. 2) 


is entirely neglectéd. 
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3. Calculation of the Spectral Sensitivit, 

When the incident light whose electric v 

E lies perpendicular to the incident plane : 

pinges upon the silver film (fig. 2), the co1 

plex amplitude of the reflected beam E2 
given by the formula.“ 5 

Ea (k—hi) (Ri ths X? + (R+ ht) ar Ba) 

E (hE Rt) (Rit hs) A+ (hf) (Fa fas) 

(1 


a, 


ale ad 
Se te gid. 


a Boalinict Sug tg Map" aint 


where k’s and X are 
k=(N+iK)c 


ae 


and X=exp/ =224 (y+ikyt} respective 
J Ao 
(N-+iK) is the optical constant of each me 
um, c is the direction cosine of the directi 
of each beam with respect to z-axis we 
taken perpendicular to the boundary pla 
toward the vacuum side, ¢ is the thickness 
the silver film, Xo the wave length in vacut 
and the suffixes specify the quantities c 
cerning the medium in which these beams 4 
passing as shown in Fig. 2. The amplitu 
of the electric vector in the surface layer 
the silver film is given by an. algebraic St 
(E+E:2) of the amplitudes of the incident a 
the reflected beams. Therefore from equati 
(1), we have ; . 
ELE: 9 Reith )X*+kGi—ki) 
E (R+-Ri) (Ri +h) X7+ (k—-hi) (ki Fe 
(2. 
Now we shall consider only the case 
normal incidence, and if we express the opti 
constant of silver film by N+iK and put 
for that of glass, we obtain : 
c=C,=C4=—1, 
k=—1, h=—(N+iK) and kk=—15. 4 
‘Then the equation (2) becomes 
E+E: _9. &(N+15+iK)(cosb 
8 o£ é"(N-+1+iK)(N+15+iK) 


+-i sinb)+N—15+iK © ” 
(cos b—7 sin 6) +-(1—N—iK) (N—154+1K 


(3) 


where 


= 4at x. 
a ro K, 


pa tee 2 
NO M 
If we assume that the volume photoelec 

effect is predominant in the spectral ra 

under consideration, the intensity of the pht 


SSiiriace eee (hides = of ‘Silver film 
S given by. 
f() Co ° NK|E+Es 2g? (4) 


here the” eS constant 7 (») is a 


and means a probability of emission of an 
electron which has absorbed a quantum hv, 
€9 is the light velocity. in vacuum and ?’ the 


mean depth where photoelectrons are produced. 


Since the incident energy per unit time and 
unit area is given by . 


the spectral sensitivity is given by 


Co i SD) a TM OY, ; 
SNK | E+Es|*t'f() 


(5) 
€o | -FY lz 
rasa hy ; 


At present we have no information on the 


eolicit form of the function f(v). When we - 


. that the probability of absorption of 
&. 


ht is independent of the initial value of the © 


electronic wave number, then it follows that 
F (v)o(v—v,)* , 

where ve is the threshold frequency. Finally 
ig spectral eee S is given by 


Ee KG =v)! oa (6) 


E 


where we Gne omitted the various factors 
mdependent of frequency of radiation. The 
og factor of (6) is given by the equation (3). 


-A, Comparison with Experiment. 


tt is well known that silver has abnormal 
ptical constants in the state of a thin film, 
mely, the strikingly large index of refrac- 
ion. We put Goos-Murmann’s values of N 
ind K into (3) and (6). “The results are shown 
n fig. 3 and 4 respectively, i in which the thres- 
1old frequency was put to be . 
— ve= 2,43 x 10" sec —1(A-=12340 A). 
n these figures, d means the thickness in Goos’ 
neasurement of the optical constants and ¢ 
he value substituted into (3) and (6). Both 
lues do not always coincide with each other 
ce the grain. size of silver particles*in the 


ment. 


function of the frequency of incident radiation 


-are covered with thin Cs.0 layer and con- — 


~ trons. 
‘theoretical treatment ‘of the volume photo- 
34 


Be csticde may change owing to the pro- * 
sses of oxidation, reduction and heat treat- 
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For N arid K of bulk silver we use = 
Minor’s.0 Fig. 3 shows that if ‘the charac: oi 
teristic optical constants of thin film (d<120A). 

are used, there appears the selective maximum 5 
of spectral sensitivity between about 5000 Ac ay 
and 6000 A, being rather shorter as compared: a 
with the experimental value (Fig. 1). Taking — 
into consideration the bold simplification — = 
adopted here the calculated spectral sensitivity 
may be taken to be in qualitative agreement 
with the experimental one. Since the valuesof _ 
\E+E,|?/|E|? show no preferable enhanacement _ 
in the selective maximum for thin film (Fig. 2), 
the selective maximum of the calculated spectral = 
sensitivity is mainly due to the factor NK in — 
(3), namely, the amount of incident. light. The 
spectral sensitivity corresponding to the optical a 
constants of thicker film (Fig. 3 curve 45)- . | 
shows no pronounced. maximum in conformity E 


with experimental observation. ee 
i Ei 
5 : 5 Discussion. _ Sat ere 3 


‘ 


‘The optical sd photoelectrical properties of Se 
the semitransparent Cs:,O photocathode are 
primarily determined by the silver thin film 3 
consisting of the reduced silver particles and 
the sensitising silver particles, whose sirfacesaal | 


sequently have low work function of nearly 1 
electron volt. The photoelectrons originate a ; 
from these silver particles and the process — . 
may be considered to be the volume photcs iS 
electric effect. ae 

In texts@») the light-absorption by metal in a 
visible spectral range has been treated usually z 
as the classical forced oscillation of free clec- 
This, however, is insufficient for the . . 
electric effect in the mentioned spectral range. rat 
Muto®® carried out the quantum mechanical _ " ‘ 
caiculation of this process, which was not yet 
compared with any experiment. e “ 

The serious weakness of Ives’ and also the ae 
author’s investigations seems to lie-in the clas- 
sical method of the treatment of the phenom- ~ 
ena. It is highly desirable that the quantuns 
mechnical treatments of this process are deve-— 
lopped in future. 


6. Appendix. 


Accoading to Hirai“, the higher sensitivity _ 
of the semitransparent Cs:O° photocathode is 
obtained when the incident light is thrown 
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where No is the index of refraction e 
and Ey the amplitude of His iucident b 
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Crystallite Theory ae Liquid. 
I. On the Specific Heat. 
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ra Introduction __ 
eral survey on the physical properties 


peroulsat approach on this line, which 


planatfons for many characteristic pro-. 
of liquid at elevated temperture. In ( 


ry, the existence of many aggregates 


ting, of a,few constituent elements, the 


led clusters, is assumed, and the straight- 
ward _ calculation becomes extraordinarily 
t when the system contains aggre- 
that consist of more than several elements. 
fact that solid deforms rigidly and liquid 


isocously on the application of a shearing © 


accepted as the criterion between the 
and it may be not without reason to com- 


the melting point of solids withthe tem- . 


ture at which the modulus of rigidity 


y and the fluidity are not exclusive 
0 pérties to each other. Whether the rigidity 


- fluidity predominates in a material under — 
n experimental condition is only determined A 


~~ 
> 


material, that was shown first phenor 
cally by Maxwell». . With the accelet 
Sccumulation of available informe 


eiaiens is now being. treated with - 


ception of the dislocation”. On the similar 
Bragg”) recently. suggested that ‘the bou 
layer between two crystallites with rf 
orientations behaves likea dislocation 
the total system takes. ‘the crue 
structure. ; 
Among the theoretical sheatineantel 
based on the assumption of its solid 
structure, we can cite the following 
the hole theory® that assumes. som 
nal vacant sites in the otherwise perfect 
and second, the order-disorder eor) 
goes in close andiogy to t 
consideration of the phase tran 
Both these theories pes 


sy 


short range “order os sts 0 
elements. whi i yi 


in different | states ie ag 
for ee Roe ae 


ob eee ite Theory of fig, 


4 2 


res in he =a ee nae 
subsist also in the liquid state, but the 
ans Tse one will Megenerate ante, wie sys- 


ssively ak the eestor of the aber 
According to this argument, the specific 

of the ideal liquid should decrease from 

2R with increasing temperature. He sug- 

d®) that the deviations of the calculated 

e of the specific heat from the observed 

2 can be related partly to the non-sinusoidal 

ture of the longitudinal waves, and partly. 
the possible existence of ultra-microscopic 

dlid clusters.’ Bernal’ attempted to explain 

he eXCess of the specific heat over 3R at low 

emperatures as being due to the cofigurational 

pecific heat, which is caused by the change of 

he pyqaee configurational energy of liquid. 


2. A Molecular Medel of Liguid 
at Low Temperature. 


: eased on these introductory considerations, 
new molecular model of liquid at low. tem- 
erature is proposed, assuming a  solid-like 
D nternal structure. Among the conceivable 
hree types of the lattice defect in the perfect 
rystal, the point-like, the line-like, and the 
ane-like ones, the last one may be chosen 
s the most essential, in the light of the 
certain existence. of the long range order. 
n the liquid state. ‘Thus, the proposed struc- 
ure is akin to the foam structure proposed by 
3rage) in the case of work-hardened metallic 
solid. The statical feature of the model can 
_ described as follows; a mosaic composed 
f many fragments which are in contact with 
ach other on well-defined interfaces, each hav- 
ng a perfect crystalline pattern throughout 
ts own domain. 

The thermally agitated sloment at the tran- 
ition layer changes its allegiance | from the. 
rientation prevai iling on one side to. that pre- 
ailing « on the other side. When the crystallites 
are. sufficiently large, the change of allegiance 
of each element surrounding any one crystallite 
vill ‘take place independently of each other, 
which is consequently accompanied by the 
lastic waves in the crystallite. On the contrary, 
hen. the~ crystallites are sufficiently small, 
E changing. allegiance of the elements will be 
ewhat cooperative with each other, which 
result in some {ransiational motion OF 


_and in the latter case the thermal displacement 
of the boundary layers will ‘be nearly free. Te 
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ies crystallite. In other ee the non-vibratio- ; ‘ 
nal mode of the crystallite shall be acconpanieds 
by the changing allegiance of the elements at 
the interface, namely the displacement of the 
interfaces themselves. 

The system ofa given configuration, as above 
introduced, may obviously possess an €XeCss- 
energy over that ofa perfect crystalline system, 
on account of the elements at the crystallite 
interfaces necessarily having some misfit pee! 
ween the neighbouring elements. This excess 
configurational energy may be roughly propor- 
tional to the total area of the momentary inter- 
faces. The interfaces behave,’ in ithis respect, 
like films with surface tensions, and the crystl- 
lites are likened to bubbles in a foam seperated 
by the films from each other. “ 

‘Suppose some displacement. process | of the 
‘Imterfaces, by which an existing crystallite is 
annihilated and another new crystallite is recres 2 
ated successively. The minimum activation 
energy of the excited state for such a process’ 
being assumed to be sympathetic with the size 
of the crystallite, the process ‘will be rare for 
a system of large crystallites Ke g. for ‘work 
hardened metallic solid), but may be frequent 
for a sytem with sufficiently small er ystallites, 


is rlow assumed that the state of. liquid ‘ is 
corresponding to such a fine configuration, — 
In short, the above proposed molecular model 
of liquid at low be aie is of the follwing 
features : 
a) A structure of a mosaic of fine’ fragments 
meeting on well-defined interfaces, each 
having a_ perfect crystalline bane fe 

. throughout its own domain: 


b) Existence of an excess coAfiaarationemte en- 

ergy, due to the misfit of is elements: at 
_the interfaces; 

. c) Dynamic rather than static eauieeaey 


accompanied by some degenerate translati- — 
onal degrees of freedom for each crystallite. — 


3. Approximate Treatment of 
; the Proposed Modei. 


Take a system consisting of N elements. -As- 
suming 2 spherical crystallites each consisting ¢ : 
of a’ elements inthe closest packed state with 
the relation 


nor=N , (1)s aan 
the ‘excess configurational energy of the confi- - 


ue a the rade layer. 


fact the crystallites of a momentary pases: 


; are not always of the same ‘size, SO 
acinesion may be well: es. 
y the avearge configuration as con- 


) crystallite has some translational deg: 
eedom, which may be assumed to be 


Be partial translational parti- — 


‘ one crystallite will be 


p (amery aaa’, (2) 


d hare the absolute temperature, 

; constant and the Planck’s.con- 

ly. m is in strict the effective 

‘the momentary crystallite, but may 
i ated ‘by the mean value a°m,, m, 

t. mass of one elemant. B(a@a)’ is 


eation and annifilations and 
L vis assumed. proportional to the volume 
i é 
cry: hte caveat ; 


‘the Pechuat ‘solid. if rset are 
| nature, and if the temperature 


‘He partition function of the peices 
nate 


\" | aa », 


large N. by the maximum. te 


“Se a pe : 


2am,ka* 
Se eae : 
Differentiation of log é. by a at as consi 
temperature gives : 


Ologé ¢ 
oa 


log = has theratoes: a maximu 
tion such that the mean  Gryst a] 


(ent) ats cash, 
Aproximating' the partition i 
tion, it follows that == 


e( BP Ge3y 


free energy sen one semen z 


f=F|N=—KT log 2|N 


= 3 kT tae es) xrar(' 


Rare the. sake of brevity, a 

a in the following. te 
The most (Probable | 

temperature is determined J 


Rae iriesk vay (7) by tr, 


; ‘S). and the ottiee esboiaa b to a ‘abile 
figuration Qs ge cc and Gee 


. i. nts ioe a inet? y the two values coinside at: a ‘defini 
-3( @"€ 9 \5 | ((s > ae te 1 temperature T. (atte (kT. 2 45/4), below. whic 
— ICR SHIN nt ts 

o, noted. nae (e Bes the form, Does ‘monotonously i increasing with a. As oa oan :O 
aoe si eels aaa aa T., the configurational specitic heat tends 1 
1 areal specific heats ¢y, C_s and c, may infinity, as is to be seen from the Hass 
onveniently called the perfect | 
alline, the kinematic deficit, and gy | 4s 
e Sea one, respectively. — 


aad: ide of ‘quid quantita- 
with reference to the experi- 
data, much more detailed 
ions of the model concerning be 
ac ssible a and the: misfit 290| 13 


aM 


an Pac temperature, ¢ one 
oe £0 a ‘Stable Seeanaeied 


ae Table a 


» Dependence « of the. Crystallite. Size — 


an configureti- “resultant 
| deficit sp. | onal 


| heat Ga é) ocr By. sp. heat(in B) Sevoihis sanneeee It’ is. easy to see 


h " the specific heat shows flat minimum at 
Yi "0.0890 ‘ii +0.7000 ie 43.6110 temperature, and its deviation from 3k b 
(.109L- |; .1414..| - 3.0327, entirely due’ to the kinematic deficit a 
OAD Wy, 20420) 105" 2.90655 heat. a) Vie NGS eat ae 
Ai 1282 phe er e3018B 01) 2.8903 For the mere interest of fifustrations: a numeri- 
44 11324 cng ae ee 2.8697: cal result is shown in Fig. 1 (in reference to 
1327-0000 | «2.8673. «= Table I). It was assumed ¢/k=350°, 0 =100, 

ABE 4d 001912. 8698” which i is equivalent to hv/k~100°, he = 20006. 660 


see ondgi Ji. 2.8748. >, x 107%, a~10-® and B~107. oh a 
; 9.8804. ~—~—«In order to,make a more quantitative aon 8G 
2.8835  -_-ssion with respect to the specific heat, itis 


—————— indispensable, as was stated above, to specify 


ke ‘the transformation phenomena between liquid 
‘and solid and the viscous behaviour of liquid, 


t 
\ : 


Following the introductory conisderations, a 
olid-like molecular model of the liquid state 
was proposed. A mosaic system composed of 
fine fragments was assumed, which are in con- 
: = tact. with each other on well-defined interfaces 
characterized by the existence of an excess 
misfit energy and some translational degrees 
f freedom for each crystallite.. An approxi- 
mate treatment of the model shows that the 
Ea crystallite size of the stable. configuration de- 
eases with temperature at moderate temper- 
ature, and that the specific heat consists of 
ree. parts, the perfect crystalline, the kinema- 
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tic deficit, and the configuratioal ones. 
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In conclusion the author wishes to expr 
his sincere thanks to Dr. S. Oka and Dr 
Miyake for their continuous encouragem 
and useful discussion throughout this study 
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: e a me Sensitivity f Rochelle Salt. 


By Heiji KAWAI. 


1. Introduction 


uous piezolectric effect and its anomalous 
electric properties, and is widely applied for 
rious purposes. ~The application of the 
oc elle. salt, however, is very much limited 
; king use of the voltage produced by 
e force applied: ‘to the crystal. 
direct experimental investigation about 
he voltage sensitivity with infinite load im- 
dance is hitherto quite Jacking. | 
he relation between the pressure applied 
oS Rochelle salt and the voltage produced 


Des 
PS aes 
iy de gaiteZ 
BR ee eres 
2 ee x ZA /ioC; oe 


e Wan must be core to the author’s 
revious paper. 

From: 1 it is ee ae is ahaal to the 
oltage drop across Z in the diagram of hes 
le ae alternating voltage. cy 


Aer?) 


ie = Qa - dis ny 


me 2 ea 


‘on. ie sample when 
the impedance Z is’ 
infinite is equal to 
“a, the voltage Vo which 
“must be applied to the 
p circuit shown in Fig. 
Fis, Be 1, in order to pro- 


2 r 198 Es as in, the case of the gah 
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Rochelle salt is well known for its con- | 


: if ; 
- where 'e; is the dielectric constant of the fr 


Nevertheless’ 


have very similar characteristics. — 


duce the same vol-  ((2) of Fig. 2) and outside of them the 


eric Fi ae 


onc represented Wy the flowing eq 
tion. 


-Vo= 2(4, b, c) du F, 
Sara 


ly deformable crystal. Thus the oe 
to dis/ er ie 
The -writer’s previous sec omoae ; 
that both ¢. and di have anomalous pro; 
ties with regard to their temperature 
humidity variation, and that the varia 
There 
it is expected that dis/€a does not vary consi- 
derably with temperature and humidity. a 
Mueller“ reported the value of diu/éa 
the ‘Curie point which is almost independent 
of temperature. In this experiment it 
studied “whether the voltage sensivity of th 
Rochelle salt, i.e. dis/ec, has such an anomalt 
in temperature " and humidity: depends a 
eq and Gis piwe i 


2. Experimental Method Rass 


The sample of the rectangular nee wa 
cut from the single crystal of Rochelle salt of 
300 gm. in weight, its sides being at 45° to the 
b- and c-axes, 3.98cm and 2.00cm long res: 
pectively, and its thickness 0.498 cm along, the 
@-axis((4) of Fig. 2). be) oo a 

Thin foils of silver were used as electrodes. - 
The method of sticking the electrode is as 
described in the former paper. 

On the two sides facing each other (2.00 cm ie 
in length), were attached the bases of bakelite 


copper wires ((3) of Fig. 2, diameter : 0.5mm) ei 


“were attached with the alcohol solution: of . 


shellac. These wires were placed in themagne- 


: ik, 


po Therniosabtres . 


_ tic field (2.00cm long). Through these copper 
__ wires the alternating current was made to flow, 
and the sample was subjected to the alternating 
force of 200~2000 Hertz, the voltage between 
x electrodes being measured. The outline of this 
experimental apparatus is shown in Eig. 2. 
This apparatus and head amplifier were put 
entirely in the case of glass, which was kept. 
- in constant humidity with sulphuric acid of 
‘proper concentration, and was put in the 

thermostat. 
Ps The circuit as shown in Fig. 3 was used. 

Rapeccring the equation (1), the circuit shown 
Bee: in Fig. 3. is equivalent 
to that of Fig 4, so 
that whether Vo be 
produced by the piezo- 
electric effect of the 
crystal or in any other 
ways, the voltage drop: 
i across the impedance 
my pes Sod j Z is identical. 


hems the voltage | 
, Ye produced on the see a applying the 


Ai 
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Ae 


Fig. 3. Circuit diagram. 


Con- | 


ae, \\ 
(9 ® 2 (3) as 


2.. The outline of experimental apparatus. 


. 
Ariplifier Re 
2 


force was determined by comparing . the 
put voltage produced by pressing the sz 
with that produced by giving suitable vol 
to the resistance R (manganin wire 
0.498ohm) in Fig. 3. In the experiment 
voltage produced on the sample lay aly 
between 0.2 and 0.3mV. The magnetic 
which causes the alternating force 
measured to be 1.6610? and 154x103 
magnetic flux density when 400 mA d.c. flo 
through the exciting coil, and 1.60 x 10", 
mean value of them was used in the « re 
lation. 


3. Experimental Results on 


‘All the measurements were dink afte er 


once more aftet iurthet 24 hours. 1 
whether that value changes or not. Sulp 
acid of constant concentration was use 
keep humidity constant. AIG? 
In Fig. 5. the results ao ak a 


ae Garis coin. 23°C., but it seems to 
e a knick point there. In the measure- 


Be but this Bo oes was not 


Fig. 5. dy/é&, temperature and humidity. 


-value. Below the Curie point, too, it seem 


ea and ene it was known that ea and 


oy Pe eawiute tarde passing the 


temperature and humidity. 


same as in the case of eq‘. 


Fao : Cape 
Temperature 
t ) 3 ope ors: 


and ite seems to have a knick- -point at the” 
Curie point. And in 61% and 53 %. humidity, 
it has clearly different linear relation with 
the case corresponding to other humidity 


to vary a little with humidity, but it is not 
certain, for the differences are not much larger 
than experimental errors. The fact that dus|ea 
has no anomally but has a temperature coe- 
ficient of ordinary magnitude, and does not 
vary sensibly with temperature and humidity, 
indicates that 1 and di. vary with temperature 
and humidity in the same manner, and that 
voltage sensitivity of Rochelle salt with infinite 
load impedence does not vary sensibly with — 
It seems note- 
worthy, however, that diu/e, has a slight z 
anomaly at about 65% humidity quite he 


Rebar eicee = 
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1. INTRODUCTION rigid polyatomic molecule developed b 

i rotation spectrum of the water vapor, son and Howard.’ “They recognized - 
example of the non-linear triatomic KY2- sonance interaction between certain 0 
f molecule, has been studied by many overtone bands, calculated the e 
gators,34)1312)15)17) The first elaborate — moments of inertia in each 16 vib 
lysis of the vibration rotation bands of bands by considering the interaction 
we owe to Mecke and his collaborators,’”) vibration and rotation, and suppleme 
analyzed the 12 absorption bands in the analysis made by Mecke™”) by taking ace 
‘spectrum and found the effective moments _of the rotational stretching. a 
rtia of HzO molecule in each vibrational On the theoretical side, the theory c 
The most successful interpretation of — asymmetrical rotator with the param 
e rotation band of water vapor in the asymmetry of finite magnitude has 
nfrared, however, has been made by _ been established by Kramers and 
alll, Dennison, Ginsburg and Weber,!” and has Iater been brought. into if 
measured the rotational lines with high convenient form for calculation © ~ 
| eeu spectrometer, identified 160 lines, authors: Wang,» (Klein,” ) Casim: 
determined 155 rotational levels of the nison» and Nielsen. But their 
e with great precision (this work will were based On the. rigid ‘model: 
vel be used as a constant source of re- hardly Saale the spa eff 
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rtia found by Mecke,” merely for the and shown that the applicabi 
convenience of the numerical work. The equation for the rigid rotator 
work R.D.G.W. has been followed by. the moments of inertia is to b 
A nvestigation made by Fuson, Randall and case when no accidental deg 
; ison,” ye studied the rotational and centrifugal stretching _ 
enough to be neglected. 
of this theory to the 
has appeared the wo 
yetve: after Mecke, beer, 'made by Bon- and Thomas"); and Da 
nd, more satisfactorily, by Darling and have, as above ‘mentio 
y The latter (, which will here- theory to the case 
fen a referred to as D.D. ») treated and obtained the’ 
lem of the sa Sration rotation spect- -/Among FRE? 


on: fotind, except. on the ee 
a in D.D.. Nor have the intensities 


‘war-time, in the theoretical. calculations 
cerning these quantities. Some of the 
sults obtained will be. reported in this and 
wing papers. The calculations were 
jed out in the following manner. 
1 the first step, the energy levels of the 
re rotation band up to J=13 were computed. 
om the Wang’s A-matrix® regarding the 
olecule as an asymmetrical rigid rotator, 
nich was assumed to have slightly different 
ues of the moments of inertia from those 
ed by R. D.G.W.. We computed the eigen- 
ctors of the H-matrix as well as its eigen- 
ues, the former of which were used in the 
xt step of approximation, that is, the evalua- 
on of the centrifugal stretching effect of the 
ating molecule. The relative intensities of 
e rotational lines were also calculated by 
ing as a better approximation these asym- 
etrical rotator amplitudes. 
The second step of our calculation was, as 
as already stated, to evaluate the centrifugal 
retching effect of the molecule, being regarded 
\w as a semi- -rigid rotator. The potential 
ercy constants used were. those-found by 
D., from which the stretched shape of the 
olecule in every rotating state was to be 


= need to know the derivatives da/d« “of 
ch. eigenvalue A with respect to the para- 
€ ter of asymmetry “. A simple lemma allows 
to. evaluate exactly the values of these 
\ de by using the eigenvectors of the H- 
trix, The agreement of the resulted levels 
ith the observed ones was found to be re- 
rkably good, and it was thus proved that 
@ most part of the differences between the 
served levels and those calculated by R.D. 
Ww. are. explaine almost. satisfactorily by 
é stretching effect even in our approxima- 
om of the first order. 


eater. precision the true moments. of inertia 
_the molecule. One of the writers (T.N.) 


a 
"\ 


“writers had. beer occupied, Aho the 


Nielsen’) from the Wang secular determinant 


metrical rotator is independent of the magne- 


‘sequently factors into finite matrices H’s, each 


_ a product of two smaller determinants; that is, — 


and Ay of the order J+1 or J, respectively, 


3) ermined. ‘In the course of this computation . 


The last step is, of course, to bitain with . 


a ntends to ‘be concerned w with this problem. 
aE! va 


2. ‘CALCULATION OF ENERGY LEVELS 
BASED ON THE RIGID MODEL. | 


The present work started from the investi- 
gation R.D.G.W.'» They have computed the 
rotational energy levels of the non-vibrating 
rigid molecule up to and including f=11, — 
whereby the algebraic equations obtained by — 


were employed. We, however, had rather 
preferred a different course of work from — 
theirs and used the Wang’s H-matrix directly. 

As is well known,» H-matrix of the asym- 


tic quantum number, diagonal in J, and con- 


being of the order 2 /+1. Further reductions 
of H are possible due to the symmetry pro- 
perties. In the first place, as is easily shown. 
by the Laplace development, the Wang secular 
determinant. det.(H-2.) can, be expressed as 


det. (H-») =det. (H.-A) - det. (Ho-A) 5 (2.1) 
where H, is a matrix of the order J or J+1, 


depending upon whether J is even or odd. 
For brevity, let us take a simpler case of J= =6, 
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PGES ep: eee 


I (45 AAD ae, 


a ee EK se 38 

© (yep. Fel © 

ad oe @ 12 e - 

ot fee Ve Cor sOuh Ney 
| wey ELA rap Be pees (222 
Ss aie y a 


oak: ae a); (Isa) | a 
-==5 AIG Giaes —oV(S4 oI l+o)Fy : 
> (2:3)) 


and *« is the parameter of asymmetry. When 
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. into ‘four symmetry classes denoted by the 
Be er sbiols e*, &, o*, and o-, of which the 
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and therefrom those of (x,)’s are 


. The reduction of H is thus completed and 
. ‘the rotational states of any J group factor | 


_ characteristic equations are given as follows, 
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where we write x. for b././ 2 for the sake 
simplicity of the normalization. Since | 
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These formulae show that some care 
to be taken in normalizing the vectors belo 
ing to the class e*. It is fortunate for 
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BA. 13; RD iin For 75 ke Be Be 13-4, 
(144.554 101.351 66.3774 40.5681 26.3253 «6.7128 | 21.8877 
0.99365 0.11158 0.01410 0.00226 0.00070 0.00222 0.00002 
| 0.11189 —0.96718 —0.22244 —0.04743 —0.01667 —0.00605 —0.00055 
3 | 0.01162 —0.22490 0.89815 0.34036 0.14846 0.06832 0.00815 
| 0100118 —0.03866 0.36452 —0.69680 —0.50088 —0.35473 —0.06389. 
0.00012 —0.00598 0.10030 —0.53524 0.25092 0.74952 0.28048 
| 0.00001 —0.00091 0.02553 '—0.29535 . 0.63704 —0.16894 —0.69120 
0.00000 —0.00027 0.01142 —0.21613 0.71836 —0.74717  . 0.93747 
er is oo Aah Be, Bag Ray: 
| 144.554 101.351 66.3754 39.8019 18.5802 —6.7504 
| 0.99365 0.11158 0.01410 0.00230 0.00051 + 0.00006 
r-19| 0.11189 —0.96718 —0.22248 —0.04867 —0.01304 —0.00224 
3} 0.01162 —0.22490 0.89245 0.35324 0.12839 0.02888 
-¢| 0:00118 —0.03866 0.36431 —0.74501 —0.52554 —0.18592 
| 0.00012 -—0.00597 0.09943 —0.52429 0.60273 0.59321 
Jaa 0.00001 —0.00087 0.02261 —0.20721 0.58640 —0.78275 . 
# See dep ae Joe e - . iy ri 5 “ ee 
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Be Evaluation of an/ak. 


It will prove necessary for the rotational 
| stretching, which is to be treated in the section 
-5 of this paper, that we know the value of 
_ dxr/dk for each eigenvalue >». A method is, 
_ therefore, shown here to compute it by using 
_. the eigenvector. Let H bea symmetric matrix, 
pk of which the elements vary with a paramater 
me &. The eigenvalues v’s and the eigenvectors x’s of 
_ 4H depend then also upon «, and they satisfy 

_ the characteristic equation 
aes Hx=r« (3.1) 
ie where x ig, to be regarded as a column matrix. 
We shall write M* for the transposed of a 
_. matrix M, and M’ for the matrix which is 
obtained by differentiating allgelements of M 
_ with respect to the parameter *. Assuming 
‘= that the’ eae x is normalized, i.e. x7x=1, 
ae ae? Hx (3.2) 
¥ _ from hich: follow 
ae. WN =x Axx Hx 4-x Hx’ 

=A +x H' K+ Ax x’ 


=a Hen (x7 x)’ 

aa =<? 'x, 
: ; ; 3 and m: N= 40H 6 x A xx H's 
me.” a x 22h ie 
ae We thus have a simple but useful 
oa Lemma: The derivative x’ of each eigén-. 
an value r, of a symmeiric matrix H, with respect 
ay 


Py to the petra K is given by 

Ly =“ H’x ‘ (3.3) 

_ where x oe @ normalized eigenvecior belonging 
fy 20:2. 

_ And the second derivative x” is given by 

nV” 4" "4-2 x? Hx’ (3.4) 
When we take the case J= 6, as. before, the 
explicit forms of H, H’, and 2’, for each group 
_ €*, &, o*, and o-, are given as follows (cf. the 


series 


abe 


SE  ReakG oat 
Sah jit evi 
a a 


ce 


section 2. \ 
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ose formulae (2.3,)(2. 7 ), and (2. 10) in the preceyiny 
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, 
eh: H=| 6 65. + 4 Hal = fame - 
Mage i 3 ae Sa Fs 3 fs Si 
. +! @3 -27.-&; S i . fi | 
| CLO wy His serene. b | 
v= 2s fol aeteaoan (3.5) 
a: a) e a - H’=(= fs! Pe 
| €5 42 @, fs.-- fs} @ 
|= -é3. 2 | é igs 
A’ = 2(x_6 f X41 Xa f 3X_2) (3.6) 
of H=| 5! eg: ) +) =| 
é, 3? e& l feos fa i 
| + @: 14-é |, | fa fo} : 
A’ =2(X5f sX3-—-%3 fox) +x? fo (3.7) 
OL SOS ane : H’ =! - "fel 
le, S* @ Ff we Far 
| - €2 1?—€ 


; 2 ae fe —fo i 
=2(x_sfsX-3s+4_3 foX_1)+%_17fo | 
where 


Fo=f (6, o)=—F16- —e)(7 a) (6+ a) Gree ; 


And A” is found to vanish for every symme r 
group. aa 

The numerical values of da/d« for each , 
computed according to this lemma, will 
listed in the second column of Table III. 


Table [II 
Jr / nv —AE 
6° | — 0.5491 27.17 
65 — 0.5488 27.17 
6, — 1.7340 11.94 
6; — 1.7042 11.95 
6, — 3.6367 4.25. 
6 — 2.8574 4.33 
6 — 8.5391 A 
642 — 2.2792 {a6 4 
6_2 rb S812 Sh hes 1.21 
6-3 | 3.3987. 0.82 
day 5 80" — 0.2269 0.93 
Ace | 14.4828 1.00. 
6_¢ {4.1952 © 1.02 . 


52.05 


27.20 
Boom a7 20) 
- 10.95 12.80 
10.99 12.80 
SOM NB LI5 
(eae +5 3430 4.18 5.68 
OE eines Gaye e 1.88 4.00 
Bs de A 2802 1.88 3.06 
apie ys co; AL 1192 1.78 3.76 
rnin ne 6.4000 1.46 dee 1G 
Pere Se SOUR |e 58 (208 tes" 
20.3419 © 1.84 0.82 
20.2063 1.85. 0.84 
“= 0.7126 86. 57 86.75 
Se OTs. .86.88. 86-75 
= 2.1846 47.61 ~~ 50.12 
“= 2.1837 47.61 50.12 
Reh Bi8OTe) BB. 27.07 
ies SBZSO Nw OS Ba! | BROT. 
= 6.8765. 1018: 13-87, 
— 5.6684 10.30. 13.59 
12.6868 4.12 7.89. 
— 6.2548 4.44 TAS". 
—18.7369 |. 2.99... 4.65 
= 1.8842 2.69 4.52 
Psp POLO Ga 12°86 B.ED 
10. GIS. i) BMS 2.56 
9.2993 BSb 3.00 
i PN b HE EE t= ae OE 
27.1386 Mei as) ls32'¢ 
= 0.7950. 189.04 134.90 
~ = 0.7950 189.04 134.90 
| = 2.4242 B21. 3 BA 288 S 
Dee ARAN YEO AID) 87184 LOON. 
= 422046. 44.74 49.64. | 
y= 4.2007.” An 74 49.64 
|. == 6.4886 22:02 27.57, | 
PGB A 322. 06) 05) 27 BF 
—10. 6240: | 9.79 15.66 
| = °8.3800. 110.09" 15.47: 
"420.1529. 5.04 11.65 
ae eR ASTRO sch BLOB. <0 AO 5 2I 
3299.76 iyi) 4568 11.40 
Gait 0.7959 5 3S. 88 6.79 
T=0 6.10897. 4.26 8.48. 
Be urler2ee7 28) 2g. 89 3.89 - 
ede ge AE ao 007 4.20 
Piiinw 85 TAR ch OT 12.08 
Peeing, 85.1243 rien i Gah 


incament Coordinates cut 
nts of Inertia 


of the helesuie: we need to introduce as 
of geometric displacement coordinates. This” : 
“may most conveniently be done following Pe, 
_ rling and Dennison™, . 


the vibrational and rotational normal state. 
- We first take the Cartesian, axes whose origin. om 
lies at the center of gravity of the system, 
_ whose x-axis is parallel to the line joining the 


Ron (=O, 8775) nelaede ae Bad 
10s 2.6669... 18BV7aNe BT Ys 
10; : 2.6669." 138075, does: 
105 7p 4.5812. “77.802 882s, 
10; — 4.5810." 77.80 88.25. 
10000) — 6.8064 42.13 50.25 
103 — 6.7785 42.14 
10, — 9.9684, 20.92 
10; — 9.3937 ——- 21.06 
10, 9 Lay.087d G10 oe 
10) p> LD 8829 IO BB 
105") — 28.2579 9.71 0.53 

Wire — 4.5243 6.95 13.75 
10g | 28.4784. 6925) 
10_;: 4.2061 Boy ees 
10_¢ A OBC Tg os Wn EER 
WOR hey 22.9187 5.91 5.5 
10-3 | 22.5387 <2) 5.06) Mae 
10-9 44 0018.2 PSB aes 
10 We 44.0494 7.55 | 
rh — 0.9595 311.50. oy, 
Tig bec hoeee O39802 >) Bub. BO! hm 
Ty oh ee 2S, yy 208 aie 
11s =) 2.9112 >, 208.74 
Pant +) 4.9682) os TAG. BBR 
$e — 4.9688 126.51 
ee 92706. | 7807 Nie 
Wy np FDBTO. so TBI 

a A 10100 ic OOO 
the eee —10.0178 40.05 
Uae <= 21.8942, 18.72 | 
Aig 23 13.1362 20, 801 aie 
111 |  ~26.2406 AL.8B 
Hoge: hese aA S BETS ie Meh, Opa ie 
ie Po Mer BS SOLD ona AG aa ee 
nol 52 2505 2 Oc ane 
dg yd —21.1521 9.64 
11, 9.0842 cole ey ee 
Brahe ihe UOOBO ae eee aes 

mh Ia He 80,3975 8.69 
ditercs a 20.4611: 8.69 
peters 53.9959 | 4.94 
Un io 58 008e | 4,08 


4) 


Let us consider H:O molecule when! cae in 


ole 


equilibrium positions of the two H atoms, and 


wie ieee? . zs 


_ Masses ~ Costdinnies! 
" ee ah Tue ra ae “ aT 5 


(Zp 1) 
(229! y2) 
(2) 3). 


(3) 


. ; icant 4 -x2) =0 
: Myit+m(y2+ys) = 0 j 
. yi) +m (mays —#ay2) (ays 4 why. 


‘two of these imply that the origin of | 
system is at the center of ‘gravity 


ule, and the. last one states that _ 


angular momentum relative to the. 
tem. Introducing the displacement 
and 8, defined by 


~b+8y3, (4.2) 


M 
~ M+2m 


NX 
ete ot +843 -26%1)= 200 
f° £43) 


the last is enilined by neglecting the : 


etc. as small quantities of the second - 
ae also be rewritten_as ; 
Ss 3’) 


con the condition that there is no 
ee, to the et, approximation,, 


it. is covenient to use Denies 


ent coordinates, which are as follows: 


ELITES Bust 


“3 by. ab oys 


. 20%s= 


The equation xcs 10) yields the re 


% | f=8s—3e a 
The general potential — 
these will contain only four 


be assumed to have the form 
2Vem EVIE, 
@=—| Wa a + 


1 


28r=—(ufb)—E, ot 


2 lagen 
4 te To 


o'- 


in terins of ei mn, and €, is given by 
2T=m(E)?(T) (é), ey" 
= | | | ie 


@®= (4) (a 
(4)= 3s 


by whith: CT) and (V) ge be br ne 

the forms 
(4)7(T)(4)=(1) © 
(4)™(V)(4) =) Aa > 


“e.. 


. 


ee 
WB 2 Bie 5S 


ree 


Due? see hs 
' ei 9 2) i Ts 
mand, a os HBa= 58h, 
B 2 - 
“bd babe =0. | (4.12’) 
hough the above four potential constants 


d accordingly four 6,3 can not be determined 


ral bids are given as follows: 


-ma= 10.672 x 10° dynes/cm, ~ my =3.1344 
B=7.1810 7 — mS=3.1588 
8 = 1.14678 812=0.82758 
62 = = 0.43910 622 = — 0.60845 _ 
bo ~ 833=0. 92828 
“The normal frequencies are given. in terms 


thé roots Ou=4 rewire?) of the secular equa- 
ion ae 


: — det.(AT—V)=0 (4.13) 
which ‘may be expressed as follows: 
: anes 2 (Br— &7) 
datas = Bio, : . 
- <s B k 
(4.14) 


oi Sap 
Phe ‘equations (4. 10) ind (4. 1) allow us to 


xpress 6s in terms of @), (V), and Ag ‘as 


ollows: 

Ore V)(A)= cone ie a | 
eee I aN Ae 
Sea ; i een} SD, Vee, Vol \ ; 
Ba ete, hee (4.15) 

ccordingly 


¥ ies th column of 4) = (477-0 =0 
es: . 0) 
ek lol 
ecially for pk, 2a 
| ats 8 ist a8 ! | Ox hs 
is ys | ls io 
= Reg Te ON ca igy 
‘om Sie we get eee 
: Ss, bu ak 
Wey com t 
4.17). 


\ and Broducts o of inertia in the _ 


an 


tation Spectrom of Water Vator . 


- The Z, thereof are obtained in the ‘follows 


the result that for H20, -K,? 
- 0.999981. The quantity Zr is the coefficient of ( 


ae bes 129 


4 


fotating® booedinate system Pa Wilson 
and Howard may now readily be expressed as 
functions of the displacement oe o 

cand €: ! 


Tor ato ent, mS? 


* fb) 1 


Ty =m) 5 (2a+t) tuft is 


ene: Levee + ed ip = 
are ; 5 

ny = mf é)(2b-+9+ ek: 

LwHTc=0 el 


The reciprocal angular momenta eae whi 
appear in the Hamiltonian function are 
ae TS CUS) ee 
bs Laky—Tay * ae Lgl yy— 


aks L. sens € 


eT, 
ons. Shee yy 
: fan O 

manner. The only component of the; into 


bz and has the value 


O41 Oy1 | m 26x. Zby2- ‘. m 28x 28y, 

Bb: =M +t ae A| 
Hi 851 | £ 28% 2852 28s 2055 
bev ik 
=m-pf+ i Dea oq? AS j 
5 wo b * nh hee y 
Bamana (4.19) 


| 


This may be. expressed as a function of ‘t e 


normal coordinates; thus om : . 
b:= =m Kias)s+ (Kags) (= Kia—Keai ( 


where eS 
Ki= (ef) ? a( 1— eu) 


It may readily be shown from the relation 
(4.12’) that K?+K2?=1. A substitution yielc 
=0.000019, Kz»? 


in Ze formula for ~.. Thus — . , Re 
=Kyq:, Z2=K2q3, 23=—Kiqg—K2q2, aX 

ee Hag May now be expressed as function 

of the normal coordinates. We devélop them 
as power series in &, 7, €, and retain no Lerms) 
beyond the second. ‘ “ j 4 


3 eee 
A l 2 431 
ine at (unas +3 Fo (ubn-+at)? | 
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thin = 15-39 —pe) 
The last term in the bracket of the expression of 
my may also be written as 9 i (Koqi—Kig2)?. 
It is believed that the results in D. D. contain 
in the coefficient 


(4.21) 


slight numerical errors :, r : 
of gig2 in use Should be — 9 and = ; 5 
ficient of 83393(62191-+822g2) in p12 should be — D) 

: In terms of these was, the Hamiltonian of 
- HO, when expressed in the Wilson and Howard 
notation, is written out as follows: 


Hes D peaPat 5 se le an 


in the coef- 


af Me 53 ise § 1 1 
To MA Dette pe * Prt — 2 (Peller + Mezhz)P2 


1 pss cog 1 
= oat § pie *% Pope * +V (4.22) 
bel 


As is pointed out in D. D., the quantities in 
the Hamiltonian, except the first and the last 
‘two parts, yield nothing in the first order of 
approximation, and the terms that contain p. 
+ OF pe: may be negiected ; thus 


= (Mache + pyyPGA+ Mee PZ) + Pe pi+ Vi (G1,42.42) 


a \ (4.23) 
- We pick up, for the later use, the terms of uaa 
'. which are linear in &, 7, and ¢: 


Me 25 
www —3(8)8 
Frith -F (fu? net] 


B= (om: (St) 


(4.24) 


ee 5. Evaluation of the Stretching Effect. 


In the first place, an elementary direct deri- 

, vation of the condition, which specify the 
centrifugal distortion of the molecule in any 
rotational state, will be attempted ; this might 
serve to give an essential feature of the problem. 
Consider the atom 7 being in equilibrium 


ordinate system. fixed to the molecule. We 


have then, as the classical condition of balan- » 


cing of force, the equation 

i ‘ : +m [wx (oX%)]|=F;, 

ty _ where F; may be assumed in our case to be 
derived from the interatomic potential V. De- 


a es 


relative to a uniformly rotating (w=0) co- ' 


nOeae by &:V the variation of V earn | 
to 8, a virtual: displacement 62; will vi 
the equation 
—m:(oX17;)-(@ xX 6%) +5:iV =0, 
We get therefore 
ree ann Mm: (@ xX9%)- (@ x 62 *) ae ay 


from which we would have . 
§-> 5 (oxny+V |=0 


under the restriction 6#=0. 

Since, however, the restriction which mu: 
be imposed in our problem is that the vari 
tion 6P of the total angular momentum shoul 
vanish and hence 


o-3P=0:5 > [ mini x xX (@X 9) )| 


=3 > Mi (a x14)! *|+ DSmi(oxr)- (ox. 


==) ‘ 
it follows accordingly, as the required cond 
tion, ; 


a mm (oxni)? + V|=0 61) 


The first term in the bracket of this equatic 
forms evidently the pure rotational part | ¢ 
the total energy EF and this part will be denote 


by W in the following discussion. 


The so-called stretching effect is, of coureal 
in the fotal energy E caused by the centrifug: 
distortion, and is made up of a contributio 
4W from the rotational energy and 4V fro: 
the increased potential energy; 4E= 4W +l 
It might generally bé found that 4W iss 
much negative as to cancel out the incremer 
AV and the resulted 4E finds itself negati 

The present calculation was carried unde 
the assumption that the molecule is distorte 
symmetrically by the centrifygal force so the 
E=o in Eq. (4.21). The justification of th 
point will be considered later. For the mome 
we regard E to contain as variables only 
displacement coordinates » and ¢, and 


‘cordingly two normal coordinates g and qe 


and V may then be expanded into the fo 
W(a, a2)= BRN Goes 


+5 1 oyu agaWee 2% 2W™, 


Vin, m)=1 1 git nod) 

+ (aieccteaga eae (5.2. 

where W' means oe, W(0, 0) and We 

ay oe Ww 0. 0) Og e . : 
agqiogt WO ARAN 
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s where == oe yen 
Aram) ws eS 
Bism>- (po — p22), ne 
Cam lu! = (po'—p,!)«] (6. 5.10) 
and H+» fo, and w. may he obtained from. 
(4.24) and ¢ 2: 7) as follows: 


ee DOV qe WOO, 0). 


: “1/byer S 
miprew.! Ce he +1)d),+e—f 32 | 
= 5 Ong adi) «bi spit | os Sa — 
a: fe s . . = : S Aa AZ \ 217722 : % £4 1/? 5 : z a 
=% [giW +2 naw +Qw alge mb! . -3(=) [ema enbi Bay 
= agi-agi+asqiq: tami) (5.4). ag as =< 
ill make the calculation terribly elaborate | 
mbr~ 4." 
mb?) 
mide yt | 


From these, 


and C;: ; ee 
i=] $25 
Ws, 10: bak Aa, to an (65) A, | 0.2 | oom aS 
o - By} —0.27501, 3 0.78064: ot 
; < is one of the 2J+1 roots of the . Ges, 600150: @ 22448 
ig secular determinant and is fully determi- D, 0.78599 x 10-2 4.20416 x 10-2 
| by the parameter of asymmetry “; ac | -2.02705 x10" | —7.130 1x10 


where the values of other quantities D; and se 
are also given, which will shortly be intr oduced. 

The potential function V is known in full 
eS _ oe : pat account owing to the Darling and Dennison’s 
Mares a ; -..- @laborate analysis; 2 5 . 3a 
: a a sim) Te pO erode sod) + aterm 
; + O39 7G 24 s 1727+ ag 193" ands Gs 
4 (Bid 18+ BoG 28+ BG t+ Bag 2Go? = 
+ Bs 7G 37+ Bog 2° 37) Pepe (5 tas Bp vo 
where the ¢; are the dimensionless coordinate S. 
describing the normal vibrations and are re- 
Rue lated to the normal coordinates Ge by ‘ 
a Os Sige Oo een Gi=2rlme wfh}?-ges 
dx : and the values of the potential constants o, Oy 
(5. ou and # are as follows: an 
@, = 3825.32 cm, a@i=—322, a= +216, og 
: * Pie +39, B= —T16 

@2= 1653.91 Cm As= 47, as= —909, 

j Le fo=+2, bs53+212, 

95 ==3985.09 cm™!, a@s:=+1, as=+160, 

Bs=+35, Bs=—108. 

In our calculation, however, only the quad 


, 
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‘atic terms of V were retained. Noting that 


OV 
he 0g; 
we have the explicit expressions for the stret- 
ching coordinates 7; that specify the centri- 
' fugally stretched shape of the molecule: 
Gi= 45" ACs 1)Aj+rAs,Bi +A] 
(5-13) 


=2r[mc w3/h}?-i, 


where 
1 hj 1 3]2 
; cin eam We 
j a Al 4xr°c shin | 


~ And the depression of energy due to the stret- 
ching is given by 


BB — 4 (ond + end) 
¥ ' 


“ . ‘ 
=— ZD: LT I+ 1) Ar+AsBi +Ars7Ci}? 


, (5 - 14) 
where 
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Some of the numerical results appear in T bl 


“II in the following form. The third colum: 


gives the vlues of —4E as determined fror 
the above formula (5.14), while the fourt. 
column shows the differences —8W betwee 
the experimental and theoretical energy level 
as calculated from the rigid rotator formul 
(5.5). A good agreement.of the values in thés 
two columns indicates that we can procee 
further to obtain with greater precision th 
true moments of inertia of the molecule b 
treating the rotational stretching effect asi 
the present attempt. . 
The list of the physical constants used is a 
follows: 
h=6.624 x 10°*"g.cm?. sec’... ¢=2.99777 x10 


m=1.6734 x 10-*4g. LA ger = 


OH=0.9580x10-cm. 2 arctan ? = 104°31 


For assisting the numerical work, the write 


‘is grateful to Miss A. Asakawa, T. Mikosib 


and K. Nakamura. 5 ; 


ton 


~ 


gL Introduction 
_ It is well known that the effect of the inner 


Bre ceto of the crystal appears in the electron 


ied Do 
vhere Do = the mean inner potential of the 


lectron. Bee If we write . 

* B= 1+-5 

he quantity & which may be called the “ unit 
crement of the refractive index”, can be 
written as 


ye nezlected, except for the grazing incidence 
f the beam’ to the crystalline surface. 
‘Recently Hillier and Baker,” and indepen- 
ently Sturkey and Frenel,™ however, observed 
‘anomalous separations in (111)-, (220)- and 
‘other rings of electron-diffraction’ Debye- 
aC cherrer patterns due to MgO and CdO smoke. 
The latters interpreted these anomalies as an 
effect of the refraction of electrons at crystal- 
line surfaces of the smoke particles, 

‘To confirm and extend this interpretation, 
a present author | investigated these pheno- 
in SAS detail. 


92 Experimental Results 


Paprxctas used was an electron-diffraction 
camera with the camera length L about 18 cm. 
The accelerating potential was about 40 K.V. 
i. The smoke samples of MgO and Sb.0; were _ 
tudied. The smoke was prepared by igniting 
he metal powder in air and was deposited on 
1 fine mesh, which was subjected to electron _ 
iffraction. i 

MEO rae photograph obtained for MgO , 
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are to show the aes broadening under hee 
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is represented in Phot. 1 and corresponding _ 
spacings of MgO are tabulated in Table I in, % 


condition of L=180mm and E=3.97 x 10* volts. 4 


. A. 
A 5x . i 


Photo 1. MgO 


-~ 


Photo 2. 


_Sb20; 


Sb.0;: As oxides of Sb, there are icnawi 


_Sb:0:, Sb20, and Sb.0;, which are all isomor- 
“phous and differing from each other only 


slightly in their lattice dimensions. ‘ Through . 
a precise measurement of the spacings by a _ 


simultaneous photograph of Au-pattern as the © 


reference, however, it became certain that the 
smoke, should be Sb.0;:. The photograph is 
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represented in Phot. 2 and the data of spacings 


are tabulated in Table II, which are obtained 


when L=185mm and E=4.33 x 10+ volts. 


Table I MgO i 


te 


Table II Sb,0; 


h kd cae dobs. hk 1 | dx-rey dobs. 
111 | 2.496 pers 222 -| 3.212 | 3.198 
200 Be 2.101 | 4¢0 | 2.783 ae 
ET, peat lia 133i | 2.556 {2.541 
BES 507 | 409 | 2.274 | 2.248 
400 | 1.050 } 1.052 333 | 2.141 | 2.128 
g eee ee fees 

| yo 4a | 1.606 | 1.602 


Observing these photographic plates under 
a comparator microscope, notable fine struc- 
tures characteristic of each ring-were revealed. 


- Superposed on the continuous intensity of the 


‘ 


= = somewhat broadened ring, there appeared spots 


showing a peculiar distribution. 
Each of these spots is considered to come 
from a certain single particle in the smoke. 


"In Fig. 4 and 5, typical patterns of this fine 


structure were sketched for MgO and Sb.0;, 
respectively. The numerical figures inscribed 
in these diagrams, show the distances dy in 
mm. between these ior. on the photographic 


a, plate. 


In these observations it was noted that the 
distributions of the. spots and the general 
broadening of the rings occured on both sides 
of the normal “Bragg poirit”. 

As the former observers did, it seems quite 
natural to consider that such a deviation of 
reflection from the Bragg point is caused by 
the refractions of electrons at crystalline faces 
bounding crystallites of smoke particles. 

The magnitude of the deviations convinces 
us that the refraction concerned is one cor- 


responding to comparatively larger glancing 
angle. 


§3 General Consideration 
‘In Fig. I, XX’ indicates the electron beam. 
‘XYZ represents the boundary plane of’a cry- 
stallite through which the electron beam enters 
into the body of the crystallite, and X’YZ, 


: another ey through which the electron 


Goro HONJO 


crystallite and the net plane concerned. 


the Bragg point on the photographic plat 


" point with the magnitude 4,2 in the directio 


beam leaves the crystallite. XOY is the 
plane concerned, and OZ, its normal. OA anc 
OA’ are the normals to XYZ—and X’YZ-plana 
drawn from O, A and A’ being their feet. The 
lines ZA and ZA’ meet the net plane at 
points B and B’ respectively. Writing XOB= 
gy, BOB’=j, AOB=a@ and A’OB’=a’, then 
a’ and 4 are angles which are to be d 
mined in connection with the habit of th A 


eres a a 


i 
nlliaa OAR Mike A OE a is Oe pa OUT: ep obanies 
rs 


saci kT ois 


Since it is anticipated, as mentioned abe | 
that only the refraction corresponding. to t 
larger glancing angle of electron beam agains' 
the boundary takes the important parts of th 
phenomena, the Bragg anale is neglected i 
our present considerations. The angle C be 
ween XX’ and OA, that is the angle of th 
incidence of the beam against the surface 
XYZ, can be calculated by the equation — 

cos C=cos &-cos p 

The angular deviation 4, due to the reirecel 
at the entrance ao XYZ can be written a: 
=é6 tan C 

and i occurs vee the plane XOA. Tt 
corresponding displacement of the spot fros 


may be regarded as a vector from the Brag 


of the intersection of XOA and the plate 
where L is the camcra length. : 
The beam thus entered into the crystallin 
body should suffer in turn one more refractio 
at the excit plane X’YZ, which results i in a 
angular deviation 
4’4=6tanC’ 
where Ci is the angle of emergence of elect <0 


zn 
* If we denote the angle of refraction by2G' toe 
=C—Aa. Following the Snell’s law, sin Ca(1+8 
sin ie and neglecting the higher ig term a 3 ar 
44, it follows that 4a=8 tan C. : 


— oe tee calculated by 


i ct $x 


SS 


are 


7A 


One 


Pe poitee ee of spot from — 
Bragg point on the photographic plate 
¢ regarded as a vector of the mangni- 
ali in the direction of the intersection toa Reese ae 
’ and the plate. 
this way, the resultant of the refraction 
due to the boundary surfaces upon the 
ctron beam of a certain path can be deduced, 
-alculating the angular deviations 44 and | 
at the entrance and the exit surface res: = 
vely and adding them vectorially, if the a 
etrical relations of the boundaries to the : Fig. 2b Cubie habit’ (110)-reflection, = 
plane and the azimuthal angle are known. 
“he orientations of crystallites i in the powder 
cimens are at random, so that @ takes 
trary. values. _ The deviated spot traces a 
for varying @. In the crystallite of a 
nm external shape, there are in general 
eral pairs of the entrance and the exit 
urface, and correspondingly a set of loci can 
5 onsidered. In Fig. 2 and Fig. 3 such loci 
wre shown for crystallites of the cubic and 
hedral habit respectively, in which the an- - 
deviations are represented in the unit 
the unit increment 4 of the refractive index. — 
these figures the angle y are referred toa 
iculer one vee its boundaries. 


points, each of which lies on one of the loci. y= 
the fig gures, the points corresponding to the same 


Fig. 8a Octahedral hebit (111)-reflection, 


a one of equivalent loci in» Fig. 2 na. Fig 3 a 
indicates the intensity weight supposed by such _ 


Fig. 3b Octahedralhabit (100)-reflection. 


= 


; coreeesonding aren ee may be of vai 
cc ; < weak intensity. 

Beas | ; 3 ; To understand the a iolss nature: ey 
fractiton effects of the crystalline cS 
electron-diffraction Debye-Scherrer ri 
total probability with which’ the 
beams fall on various regions on 
should be considered. This probabi 
proportinal to the two factors above mei 


is, moreover, inversely proportional ‘te 


where ds means the line element on 
The latter factor is the late in the 


quite parallel to this eadtee: “Adccontanige 
‘probability density along each locus i is ro 
ag similar to that of the weight fator of ct 
sragg point, on account of the ioxeest path section which is assigned in Fig. 2 and 
€ | in the crystallite. The other parts of may be more ee by the new 
res, however, may affected only little 


take frequently the charateeriatieet 
such as EE. 4 aS 5. 


: gth L by the expression 


ere S is a factor which indicates the angular 
ance between the regions of maximum Dro- 


ulated in Table IIT. From this relation, ) 


$) in volt 


12.2 
“11.4 
9.8 
10.5 


11 volt 


16.5 
19.4 
1369 
14.7 
14.6 


_Meanv | 16 volt 


MgO:—It is. sure that particles in. MgO 
1oke possess the cubic form, which is the 
ell-established fact in electron-microscopic 
works. Assuming this form, the experimental 
abservations on MgO are well understood. 
he marked sharpness of (200)-ring is ex- 
jlained when we consider the fact that the 
flecting net planes are parallel or rectangular 
the boundaries of crystallite, so that de 
fiations of beam by the refraction effect 


ilways occur in the tangential direction to — 


he ‘DebyeScherrer ving. The well-defined 
eparation of (111)-and (222)-rings into dou- 
ets may also be understood from Fig. 2a. 


The. correspondence _ ‘between the spots on 


220)-ring (Fig. 4b) and Fig. 2b is clear, 
In our experiment the Bragg point did not 

ypear on account of absorption effect.) The 
separation of this ring into a quintet, which 
s first observed . by Hillier and Baker, is 
ained ea this pete. “aa 


ited: to the unit aeament 6 and camera | 


Fig. 4 end 5 and s of Fig. 2 and 3 are 


_is due to the net.plane having the same indices — 


' assuming the refraction effect of the surfaces. - 


oes (eae Debye-Scherrer Ring. eas es BY 


The value 11 volts obtained for the mean 2 
inner potential of MgO agrees well with ee 
value 12 volt of Sturkey and Frenel, and is 
reasonable when compaired with the value 10 
volt predicted from a theoretical _considera- © 


- tion. O® a 


Sb,0; :-—One of our chief interests was to 
examine a supposition that the Sb:03; smoke — 
have the octahedral crystal habit, which came = 
into our mind from the Miyake’s work of — 
Sb.0s formed on stibnite.© This supposition — 
was verified quite well, as is seen from the 
correspondence between Phot. 2, Fig. 5 and 
Fig. 3. Also the agreement of our value 16 E 
volts with that of Miyake’s 17 volts for the 4 
mean inner potential is satisfactory. It sould — 
be mentioned here that the (222)-ring, which — 


4 


as the crystalline boundary, is considerably < 
well defined, but is not so sharp as that a i 
(200)-ring of MgO. This is because of the 
fact that in the octahedron the surfaces are 
not exactly rectangular to each other on the = 


contrary to the case of the cube. These facts — 
are also understood from Fig. 3a. 


ey ies a oe 


‘ § 5. Conclusion os 
The fine Structures in the electron-diffraction 

DebyeScherrer ring due to smoke samples was 

understood very well by attributing a particular” 


crystalline form to the smoke particles and 


ile Ee 
mee 


Using this phenomenon, it is possible to — 
infer the crystalline habit of the powtiel 
specimen. And further, when the crystalline’ 
habit are known, the mean inner potential of 
the crystals can be deduced, even if large 
single crystal with flat surfaces can not be — 
obtained. Although, as is seen from our 
discussion, its very precise measurement can > 
not be expected on account of the nature of — 
the phenomenon itself. 

In conclusion, the author wishes to express 
his sincere thanks to Dr. 5. Miyake for his— 
useful advices and encouragements. ; 
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§1. Sticking Probability 
When our considerations are restricted to 


‘nuclear reactions of fast particles, for example, 
~ to the case of the collision of fast neutrons 


with heavy nuclei, we are always allowed to 


disregard resonance effects and other features _ 


due to the properties of individual nuclear 
states on account of the extremely small dis- 
tance between the energy levels of the highly 
excited nuclei, compared with the possible spre- 
ad of relatively homogeneous beam of incident 
neutrons. As shown in the theoretical considera- 


_ tion by Bohr and others,» therefore, 'the statisti- 
- cal informations of these nuclear reactions may 


be obtained by averaging the nuclear cross 
section over the mentioned quantum states of 
approximately equal ‘energy and then nuclear 
reaction may be considered to take place in 
two well-separated stages; the formation ofa 
compound nucleus from an initial nucleus and 


an incident particle and the subsequent disinte- 


gration of the compound. nucleus into a 
residual nucleus and an ejected particle. These 


states of affairs enable one to express the . 


effective cross section o(F,) of nuclear’ reaction 
in the following way. 


- (Eo) =0;(Eo)-a(E), (1) 


where os(£o) expresses the cross section of 


the formation of a compound nucleus, Ey the 
energy of. incident particles, wa(E) the pro- 


_ bability of a definite mode of disintegration 


taking place in the second stage, and E the 
average energy of quantum states of a com- 
pound nucleus concerned in the mentioned 
nuclear reactions. Furthermore, wa(E) may be 
expressed by the transition probabilities [a [i 


- for the process that the compound nucleus exci- 


ted to the energy E makes transition into the 
residual nucleus, an ejected particle a’ Of.2 
definite kinetic energy. 


By 


” wartime condition, 


Pete’ @ackae ee wee ewe nt) Sta nh 


o(£)=T a! 2P a, (29 


where the summation extends over all mod 
of disintegrations from the compound nucleu 
As theoretically shown by the “detailed be 
ance” consideration of Weisskopf,“) it is po 
sible to give an expression for , asa functic 
of the effective cross section Cae (Ex) 
rsponding to the reverse process, i. e., of 
mean cross section of for the collision of 
neutron of energy E. with a residual nuclet 
in a state @ producing a compound nucle 
with an angular momentum /h. 


ae a 
eet 4 4 


@ S$ (2s+1 (2i+1 mE 
2re=D ee Rin? ae > 
(3 ) 
where sk and 7A denote spin angular momen’ 
of a particle @ and a residual nucleus resp 
tively, m the mass of an ejected particle ai 
w(E) the state density of a compound nucle : 
corresponding to the energy E, which can 1 
approximately computed for a suitable chok 
of nuclear model. Thus, the relative probabili 
#a(E) in (1) is able to be calculated theore 
cally through a detailed knowledge of the cro: 
section of the formation of a compound nuclet 
9, (Ea). ere 
In a similar way of consideration to that 
the condensation phenomena of molecules ¢ 
solids, the cross section of the formation of 
compound nucleus can be written as“ . 
o/(E)= F( Eo) (E,)- *ECE), o=. (4) 
where F(E,) is the penetration probability 
the incoming particle into the nuclear surf: 
which becomes approximately the Pee pe lin 


* Although iis computation of this note was alre 
completed in October, 1943, the publication of 
content has beed delayed owing io the Ae oura 


e Broglie wave AEH arial ey 
ith the nuclear radius R, and &,(Eo) is the 
alled sticking: pt robability of the particle. 
e splitting of o(E) into the mentioned two 
tors can be approximately permitted in an 
empt to distinguish between the well-known 
part of the collision process which takes place 
outside of the nucleus and the unknown part 
side. Since the penetration probability F(Z) 
through the field outside the nucleus can be 
easily computed by using the wave function 
of an incident particle over the nuclear surface, 
we have here as the only unknown factor the 
sticking probability £.(£), a direct calculation 
of which is impossible on account of our lack 
of knowledge of the interior of nucleus at the 
present stage of the nuclear physics. By a 
qualitative consideration of the nuclear cross 
section, however, the sticking probability may 
be supposed to increase from zero to one with 
the energy of incident particie in a rough 
agreement with the experimental | Hi beteate 
with fast particles. 

~ In view of the inaccurate eholedgs about 
the sticking ‘probability in spite of its impor- 
tance in the process of -nuclear reaction, we 
have here attempted to evaluate numerically 


the energy-dependences of the sticking proba- 


bilities by making use of the experimental re- 
sults of (7, 7) nuclear reaction, which have been 
ctually observed by Aoki,™® using relatively 
homogeneous beam of D-D neutrons. Although 
Weisskopf and Ewing“ ard already tried the 
empirical determination of the sticking proba- 
bility by the use of the observed data of (pf, 7) 
reactions, their method of evaluation is easily 
found to involve some disagreeable ambiguities 
On account of the substitution of the relation 


&n(Z)~1 into the theoretical cross section of. 


(f,n) reactions,* which unsatisfactory point 


€an easily be removed in our case as follows. 


_ §2. Method of Determination of the 
_ Energy-Dependences: of Sticking 
_ Probabilities. 


_ According to the ae theory of alan? 
reactions,” the total absorption of fast neutron 
by heavy nuclei, as measured by the decrease 
in the intensity of a collimated beam of fast 
neutrons when passing through matter, will 
Be eettined, by the mean cross section aver- 
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or( En) = 


with energy En, k?: ae En 


. ugh the values of 7) have been determined bye 


' rimental evidences, Landau-Bohr’s value? of ; 


aged over an energy region large compared a 
/ with the level spacing, namely, 2% 


={ LS DPR, fEa(Ee) toy Ea)y 
oe 


where the first term represents the cross section — 


ae 


of the formation of a compound nucleus initiated : 


by the fast neutron impact, the penetration 
probability F'n(En) in (4) being given an explicit — a 
expression in the above equation, the second Be 
one the cross section for potential scattering e 
and the mixed terms due to interference of - 
potential scattering and resonance elastic scat- oe 
tering are easily seen to vanish upon averaging aa 
over a available energy interval. Further, &,(£n) = 


a 


denotes the sticking probability of a neutron a 
es 


ee 
(m=mass of a ay 


fz 
neutron), and R the nuclear radius,’ being E 
approximately expressed by the well-known ‘Z 
felation R=ro/ A, A=mass number). Altho- — 


& 
several authors“ using various kinds of expe 4 


7o=1.75xX10-" cm is used in the present com- 
putation since the value seems to be reasonable _ 
from the theoretical viewpoint. 


PO en=—2 n| Hes vi 


the perturbation expansion, we shall here adobe 
the repulsive potential model in the computa Sy 
tion of F por En) which may be written as ie 

Oyas(En) = AS (2141)| Ail Rt (Te ; 


All, k's R) 


= pha’ R)HO n(BR) = Eee hy 
7 (rye 
where pre 2 oy (Vo-En), Vo=the potential he- ‘ 


ight of model, Jrstj2(*) and Lhy1/2(%) express ‘ 
Bessel functions of real and imaginary variables 
respectively, the same functions with dashes © 
being their derivatives with respect to x. When 


~ the experimenital values of the absorption cross 


section are substituted into the left hand side 
of (5), and further both the penetration proba- 
bility and the cross section for potential scatter- 
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ing can be evaluated numerically for reasonable 
values of Vo, using (6) and (7), we are able 
to determine immediately the sticking proba- 
bility £.(En) in accordance with the equation 
(5), which procedure shall be adopted in the 
present computation. The only available expe- 


- rimental data for the total.absorption by heavy 


nuclei of homogeneous neutron beam are due 
to Aoki@®) who measured the mentioned total 
absorption of relatively homogeneous D-D neu- 
trons for many elements, their energies ranging 
from 2.25 Mev to about 3 Mev according to 
the angle of ejection in the D-D nuclear reaction. 
The results of computation are described in 
Figures 1-10 in which the energy dependenceés 
of the sticking probabilities £,(E,) for Vo=10 
Mev, 15 Mev. 20 Mev, 30 Mev, and 40 Mev have 
been determined respectively. 


§3. Discussion of the Results 


Since the application of the statistical formula 


: _ for neutron impacts in (5) is restricted to heavy 
_ elements (A50) and to bombarding energies 


jarger than ] Mey, the results for A<50 may 
be considered to be less reliable compared with 


é % _ those for A>50. Furthermore, since the isotope 
"separation of various elements has not been 


characteristic of each element. 


=- 


without direct calculations. 


_ attempted in the absorption measurement me- 


ntioned above, the results for &,(En) are to be 
understood to represent the average behaviours 


of &:(En) for element except for 7"Bigs, *'Fess, 
Sis, 'Pis and 7Alis which are known to have 


no isotope or one isotope with predominant 


_ abundance. 


As was expected on the general grounds, 
the sticking probabilities here computed: are 


_ clearly seen to increase with neutron energies 


with the more or less amount of fluctuations 
Moreover, as 
seen in the figures, the valuds of &,(En) are 
found to become of the order of 0.20 or less 


_ for neutron energy of 2.9 Mev, which appears 
to be rather small compared with the usually 


adopted ones“ of En(En), roughly guessed 
The difference 
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- 2) - Bohr and Kalckar: 


igs 
between both values is evidently denigtileis, | 
the larger penetration probability in (5) 
the classical limit 2R? even for the neutro 
energy of about 3 Mev, the classical value bein 
adopted usually without careful examinatio 
in many nuclear reactions. In this connet 
tion it should be pointed out that the assumptio 


| of the penetration probability being equalt 


wR? leads to the sticking probability of En> 
for E=2.9 Mev and ?“°S#2, which result is quit 
disagreeable on the theoretical viewpoint. Sinc 
the results obtained above are valid only fo 
the high speed neutron energies of 2 Mev c 
more, it is highly desirable for the gener: 
discussion of the nuclear reactions to get a 
information about &, for the intermediate an 
lower neutron energies in which the availabl 
experimental observations are now lacking. 
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, “Lh Introduction and Summary. 


_ The solar radiation arriving at the earth’s 
Eiiace is preeminently important quantity in 
meteorology, the amount of which causes the 


and the frigid zones. Its variation with 
latitude and with season has been calculated 
by a French meteorologist Angot, in 1883, 
and more extensively by Milankowitch in 1920. 
The numerical calculations seem to be consi- 
derably laborious chiefly owing to, the fact 


that the sun’s zenith distance Z yale with 


as. much as three variable; i.e. the latitude 
b, the solar declination § and its hour angle ¢. 
In this paper, it is shown that the whole 
ocedure of the calculation can be carried 
it graphically in a simple manner. As an 


example, the variation of the amount of the . 


solar radiation at d= 35°N, the mean latitude 
of Japan, is obtained after this plan. 


2 The Graphical Construction of the Solar. 
‘Zenith Distance Z. 


lt we dealt with a fixed Botnet on the earth, 
.e@. with constant latitude, it would be ad- 
rantageous. to use the nomograph proposed 


n the Popular Astronomy published in January 


1935. But in general, especially in climatolo- 
rical problems, it is necessary: to proceed with 
he calculation from place to place; so that 
ye must take the trouble to prepare so much 
omographs. In such a case, the following 
aethod can be conveniently applied. 
phe sun’s zenith distance Z is given by 
cos Z=cos 6 cos $ cost-+sin d sing - (2.1) 
7 which 6 is the solar declination, @ the 
titude of the place in question and ¢ the 
ir angle. We draw three straight lines OB, 


oh 


oes of Solar Radiation at ' Hie Gare Surface. 
: The Graphical Calculation a Bola Radiation at the Earth’s Surface. os : 
/ Part I. : ny 4 
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, and draw the four perpendiculars: LM from 


istinction between the tropical, the temperate _ 


4 baa pes Rae tial angles “¢d, P+ and Fi 


rT sh el a gee Nee 
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ul 


fi 


a 


é +90° with a fundamental line OX (Fig. 1). ‘ : : 
Then: me take such points ZL and Q on OC 
that OL=1 (the unit length) and OQ=cosi, — 


Z, to OE, MN from M to OX, QR from Q to 
OB and RS from R to OX: Re 
It follows that ge * Se 
NS=ON+08 <a 
=OM cos (90°—)+ORcos¢ * 

=OL cos(90°—8) cos (90°—) 

+0Q cos Scos¢ - aa 

=sin 5 sin ¢+cost cos 8 cos}, ae 
according to (I), i.e. the meas of NS gives” 2 
cos Z, a 


3. The Determination of Solar ; 
Radiation. : 


dicular to the sun’s beams, S'that on a hori- _ 
zontal surface and H the amount of scattered — 
‘radiation from the sky which falls on a unit me 
horizontal surface per unit time. All ties ae 


of the sun’s zenith distance Z and dee mass m1. 3 ‘ 
G1) 


L=Iya™ \ ; A 

Z=I cos Z=Iga™ cos Z (3.2) y pe 
Ad 1a 2): e 

Hay lee eg 


ie 


in which Jo represents the ‘intensity of the ie 
solar radiation directly outside of the atmos- a 
phere and @ the opacity of the atmosphere, 
that is, the fraction ‘of the radiation reaching 
the earth’s surface if the sun is at zenith. 
Since the air mass m is the function of Z, 


‘which is approximately equal to sec Z and more 


accurately takes the values tabulatéd by Bem- 
perad or others (Tab. I), 7,S, and H become, 
after all, functions of Z only. We have al- 


’ 


ease 


cae simple sanecenction for cos Z 


rmer section we need only thé sim-— 


mnversion of, cos Z to I, S and H, which 
achieved at a single stroke by the use 


functional scales which are graduated 


wo: or A against cos fea 


“nt 


: _ The Practicals and Illustrative 
2 es Example. 
"speaking, the ,opacity a varies 
|) Sige of the radiative rays. 


me oaventionals in the collowatig which 
hott 


i 


to be largely apart from the fact. 
he. value of J to m, we adopt that 


1.846 cal. cm=? * min 5 
Fig. 2). 
mae by. ca use of the relation 

IT eh : 5 
re (4.2) 


| ot et GB. 1), and find that a 


vy O, its declinatisn 8 is given by 
» sind=sinesin@® (4.3) 


Moon taking the solar: constant ’ 


We can compute. a oe 


Then we can ‘Oae in Fcc the 


of § 2, as shown in 1 Fig. 4. In this fi 


necessary owing to its inal pe 
As for the hour angle ¢ we have use 
every 15° values, 0°, 15°, +30°, -£45°, 

75 4. OOS £:105° etc., Fins age se 


_an hour. 


results are given in Tab. IV ad Spates 6: a 


Of .these quantities, S+H is considere 


be most influential upon the climate. Tt 


r 


rea 


total amount of S+H in a eat can i 


(Tab. IV and Fig. 3). 
Further penn of the. ae 


every month and ina Seinen year, 
listed in Tab. VII. We see that 
horizontal surface at 35°N receives 
gramcalories yearly. This is 0.348 g 
min. on the average. Of course, ee 


a 


problems, still ‘is epee ‘lsiatone 
as the fundamentals. 


to the Hattori Toko 3 Kai for t 
. “support. 
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oo The Grphical Calculation of Solar Radiation at the 
pete ace -.___ Earth’s Surface, Part II. 


By Isae OSIDA 
Department 0 Ff Dynamics, Faculty of Engineering, Nagoya University. 
= (Read December 14, 1946. Received May 12, 1947) 


45°N, 30°N, 15°N, the Equator, 15°S, 30°S, 45°S, 
60°S, 75°S, and 90°S. The variation of the inso- 3 
lation in a day are shown in Fig. 1 for the Novas 
thern hemisphere. The variation of the distance 
of the earth from the sun is not taken into 
account in those figures. The variation of the — 
insolation in a year, taking the change of the = 
sun’s distance into consideration, is tabulated — 


Abstract: —The amount of solar'radiation reach- 

ing unit area of the earth’s surface in one day 
and in one year is calculated for every 15 
degree of the latitude by the graphical method 
-roported in the previous paper. The result is 
shown i in Fig. 1 and Table I, II and I. 


In the previous paper, a simple. ee ncal 
thod calculating the amount of solar ra- 


ation reaching the horizontal unit area of _ in Table I, IJ and III: the former gives the 4 
any part of the earth’s surface in any time direct insolation and the latter two includes’ 3 
was reported and was applied to the place of that coming from the sky owing to the scat- ee 
“35°N of the latitude as an illustrative example. tering. The unit is 1 gram-calorie per sate = 
In this paper, the same procedure is applied centimeter throughout. : 
‘to every 15 degree of the latitude from the The author expresses his thanks to the Hat- 
North to the South pole i.e. 90°N, 75°N, 60°N, tori Hoko oy for the financial ‘support. - 

Table I tae: 

Aig! Calculated direct eee reaching he earth — x : 

; Date Sun’s Sun’s Latitude roe I! : = 

Beare a latitude) distance 1 90N | 79N AON |45N |90N | 18N Equat. 15S 30S 45S |60S|75S 

Jan. 19) —20.2 . 0.984 = —) 21/180 | 269 405 522 605 | 621 605 535 449 

pebeDetedd 10.5.1. 0.988 te) 5 86 223 352 451 545. 590 , 557 497 389 255 

Mar. 21 : 0.) 0.996.) ~0:) 74 | 213 | 347 | 455 | 536 | 556 | 536 455 |'347 213 «=74 

» Apr. (23) | ah ies) 1.005 169. 247 | lh | 481. | 538 571 528 | 436 | 340 | 216) 8&3 5) 
60 | May 24° 20.2 1.013 371 424 505 571 | 586 572, 493 383 254 123) 19 —, 

: [O0me i jane 22) 2.23.5 (312016 15528 | 521 562 | 600 | GO1|| 572 | 473 | 357 | 222 95 ates 
120 | July 23 20.2 |-1.016 367° | 421 | 501 | 566° 582 568 489 380/252 122 19 — 
450: | Aug. 22 | 4D Scr OLE e167 | | 244. | 372: | 474 1x5382 | 564 | 520 | 431 | 335 213 81 ee) 
180 | Sep. 24 0| 1.003 | 0 73 200 | 342 449) 530 548/530 449 342/200 73 | 

: - 210 Oct. 27) —11.5| 0.994 peat | 5 | 85 | 221 347 446 538 | 584 | 550 | 491 | 385 | 252) 
249 Nov. 25 | —20.2 | 0.987. lee a = 20 | 129 | 267 | 403; 518 | 602 | 616 | 601 | 531.) 446 

270 “| Dec. 23} 23.5) 0.984 | —| —1 7| 99} 233) 381 | 505 | 610 | 642 | 639 | 600 556. 

4: ies é i @— > de ed ct i eae: } iy ia | = ia 
x eal Table 1. : 
a Pen ienised total insolation ek tes ae ete 
% Sun’s | - Date Sun’s | Sun’s | > Latitude 
ongitude| (approx) | latitude | distance oN |75N GON 45N | 30 15N Equat. 15S [308 | 45S s [60s "5s 908 
: >| 0.984 | —| —| 43 | 199 | 348 497 | 634 718 | 749 729.660 | 616 | €40 
02988 —/| 11 | 1384 | 297 | 445 |.545 | 661 | 699 | 676 | 608 | -490 | 366 | 322 
0.996 0 | 132 | 293 | 446 | 562 "634. 670 | 634 | 562 446 | 293 | = 0 
1.005 | 312 | 354 | 473 | 588 | €55 | 675 | 639 | 526 | 430 | 287 | | 180.)Riel 


Isao OSIDA, 


150 
| f ! U } 
60 | May 24. 20.2 1.033 | €65 5E3 623 €&9| 707 678° 599 4€9 3:9 178 41 ee 
90 isis 22| 23.5 1.016 720' €87 €97 725: 725 679, 579 439 288 143 20 
120 | July 23, 20.2 1.016 €00, 578 619 | €84 | 13 673 595 465 | 327/177 41) — 
_ 150. Aug. 22) ~ 11.5! 1.011 | 307 | 349 | 4€7 | 580 €45 | 667 | €31 | 520 425 | 284 | 28) At 
} : | | | a 
180 | Sep. 24! 1.003 0 130| £90 441 555 625 662 625 555 441 290 | 130 
210 | Oct. 27 —11.5 0.994 | —| 11 132/294 440 59, €54/ €90 6E8 G01! 484 362 | 
240 Nov. 25 —20.2 0.987 — — 43 I87 | 346 cs €30 715 745 725 €55 613 | 
270 | Dec. 23 —23.5| 0.984 — —) 22 152/307 4€8) 616,725 774 774 | 744 | 734 
Table se : 
Yenity amount in ai cm~? 
Lat | s  §4H H 
+90° 48700 79300 / 30600 
+75 | 66900 87500 | 26600 
+60 | 90600 112400 | 27800 
+45 128500 . 162000 | 33500 
+30 A 159500 197500 | 38000 
+5 183500 217900 34400 
. 0 | 190300 230800 40500 
: =15 | 183300 218900 35600 
—. : 159900 196700 | 3€800 
as 128200 160560 | 32300 
= 00 90500 117600 - / 27100 
—75 | 61800 86800 | 25000 
BS eee | 49400 . 78300, | 28900 
182000 147200 | 34800 _ 
Mean 5 2 oa ——_——— - 
=0. 0.316 __£cal ee = gcal geal 
> SS ee ae = Be pe cnr e : Si min. cm? ok 066 min. cm? 


8 9 


4 B 


Fig, L. a. 
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_ Le.présent travail a pour but d’établir une 


i - théorie statistique de la turbulence homogéne: 
Mi ses & part quelques problémes d’un ‘type tout 
a fait parti iculier dite la turbulence isotropique, 
on peut dire que ‘seules les problémes de la 
turbulence -homogine ont fait Vobjet @une 
E ‘étude approfondie grace surtout aux travaux 
‘remar ‘quables 4 de M. Th, de K&rm4n & ce sujet. 


Cependant. reste- il-encore quelques problémes 


: ‘tras importants w non réaclus e’est & dire recher- ~ 
= cher les lois auxquelles suivent V’intensité de tur- 

| __ bulonce ainsi que la longueur de mélange ete. 
Crest ce que V’auteur veut présenter dans_ ce 

~ 


_Renianguons ici ie: mot Vhomogénéité de la 


travail. ; 

| tnrbulence. Bien entendu, cela correspond d’- 

aprds } M.M: Slutsky, (2) Khintchine, (3) Dedebant, 
| Wehrlé() (ayz et Kampé de Fériet (5)2 & cette 


“col dition: Les lois Te ies du’ So abated 


oe en cok qui concerne la tei de 


issance de Letasene de turbulence qui 


chéorie | Statistique de la Turbulence Homogéne 


Par Hitosi TOT oe bk: 


fa ' tz 4 an (Regu Octobre 9, 1944) 


_ cela n’est pas encore découverte, 


_ arbitrairement choisis est par définition j inva ri 


' ant dans le domaine, ; 


régne sur le champ statistiquement homogéne, — 
Le but de- 


lange attachée & celle-l&. La seule hypothdse 


donnée: par l’auteur ¢’est. que régne dans pres 


que toutes les domaines de la turbulence home 


géne la loi de logarithme généralisée: i 


Partons de deux équations fondamentaux s! 


vantes() 
bards: [u( + f))+= Ta 
sg g(By 
£62) By 


En négtigeant dabord le Baers: torn 


thesis oP, ’ " 
Or i Te. 
Oxy, ah 


Puisque. le coefficient de: corrélation entre 


-=p SS 


cence 


a 


ay 
deux composantes des vitesses a deux, ‘DO 


Ne 


f = t 25 x ‘ F 3 : , ; 
; p. =K,-7? eoe = . NY ; oo aie eae i 
D’autre part, & la suite de l’analyse de dimen-_ 


sion (donnée par exemple par Th, de K&rmén) : 
ee SEE ae 
E 5 2/ Orn Oe Re 


Avant d’aborder avec ces données l’équation (1)/— 
on fait & cause de la simplicité les substitutions 


suivantes: . 
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pam ¢ v2 =y BRE Ss 
aia 8 eae ee Onsax 
ot sine =Z7 
yp T 


ot signifient: 
y: rayon du tube.. 
9: distance normale de la_ surface exprimée 
comme non dimension. 
Unix: vitesse du fluide au centre du tube 
; Jorsqu’on en se rende compte le mouve- 


ment du fiuide. 


U*: vitesse locale du fluide exprimée com- ~ 


me non dimension. 
4: dimension du tourbillon. 
vy: viscosité cinétique du fluide (de Vair). 
I: carré de Vintensité de turbulence. 
“w/: composante des vitesses turbulentes. 
2: distance le long de l’écoulement moyen. 
Et maintenant, en utilisant les formules (3) et 


(4), on tire de l’équation (1)/ 


ou bien 


M1 dn ~ Z@) 
qU* 22 d (iy 
8 Plc K Lae 
My 


Or, on revient & l’hypothése fondamentale ex- 
primée d’une maniére suivante: 

U*=f(R,) + aC R)Dlog 7 see wees (5) 
En comparant (5) avec la premiére relation d. 


(1)’’, on obtient la suivante: 
1 
Ze~y ov 2¢qy=(42 2 )y +-(8) 


a 
Nous allons réduire la relations (5). 


Puisque la loi de logarithme est représentée 


d’une maniére suivante: 


U %yv* x 
Se = A log — +B 5a (5), <p ee 
bibliothéque (9) ot A et B-ce sont des con- 


stantes dont les valeurs numériques seront don- 


mées & la fin. ¢ 
D’autre part la vitesse de frottement v* a 


pour l’expression la suivante 


o*= yt By Uses Roe: +++ (5)ge ++ (10) 


Hitosi IOI 


} 

ou 7 est constante. : 

mone Dee 

En faisant dans (5), la derniére expression ~ 

(5)g, 01 4 : 

zits =U* 

1 1 : 

ar-Ro*{ A tog| 7 Ue Be] +Bh 


1 3 
=r -Ry*(Alog9+ Aloe RF +D) 


ou D=B-+ A logy 
c.a.d. U* =a(R, log 9+ BCR) ++--C5) 


~ 


ou 
1 
eee RF 
aad | 3 
BCR, =rk, *(Alog £4 + B+ A log 7) 
Revenons maintenant 4 Véquation (2). 
D’une facon analogue a @élle donnée’ par — 


K4rmfn, soit données ici les quatres relations 


suivantes: 
uo = tl ge (“F-) | 
reer o ~ + 

# = > eee ¢ 

22 (Ga) | 


signifiant que 


w;/: la composante des vortices aléatoires, 


¢ Su 12 —w/%), 


t: longueur analogue 4 celle de mélange don- 
née par L. Prandtl (ou G. I. Taylor). 


Nous nous arréterons ici sur la derniére re-— 


tie mpeg? AP eR eh ag FBS Ro 


lation: Pax suite de V’analyse de dimension~ 
pour l’équation (2), on.a immédiatement : 
ac Peete 


pow ea | 


puisque w,’ et wim 
ye t Uy’ A uy'd 
si l’on pose += i( ), ou mi 
a v v 
c’est une Gertaine fonction du nombre de Rey- 


puisque a est égale A 4- ys Ra : 
a ae (Are)? 5 


“tly l= Jagr 5 a : la, condition a7 aul Cas Pa 


a rb: di Ky Ky E = Bees) 
un nom’ ae e Reynolds tres grand, ee eee “ee sont des scuaeate 
Ret ea 4 Be : “F : ae 
on a = cu const 2 -,  puisque U,!~q (A=b. 98 seed la bibliothéque ro C 9) 
: SS ae wiih sae TOSI eee 0)” 
ou bien t=const-— 1 2C.Q.F:D; pe NT ere is a G0) 
Tiss relations. RGeCROR Borneod @®; en is fai- CID) la seconde formule ee 
sant dans 2) ont. ; + ay dU* =e 1 ey Ane ie 
Se : eee a fice hs OOD ee 
ened 4) eet ie ee geck Siar 
eryaT ces cE ae ae (6) 2G) = (1 Sn ee 
dt |" "day es - se pe to wns 
a Se z fo (4 eet 
oe A x : v ss = Ste 
3 = ket * 
, (o not) Sens Ga 4 : Paty difficultés ei . 
ou bien : la formule. de non dimension, ; par constiuent en nous oe & la a premitre 


eo) EY ser(Z)-(rete) 


: eg —¢e ete 
Spe ape (2! 


« si nous. nous -reportons a (6), nous -obtenons 


: ots ‘si nous a ees 

; “nous avons. es ; ey 
ayy!) —2acyy! +ytaely S69) 
_ en substituant, ensuite — y=z, ona 

7 Bel Bae 4 BeBe e/ + +g-- (40) 


| Bae -U x 


. est arrivé a la formule suivante: j 
sie ae i aes he i ue ay tae a x=().6. 
ne ees ed =f, u) eres QL) () 


2 “ ~~, : ‘ & 
En définitif, nous arrivons & la coincidence 


Nous allons expliquer corninent on détermine 


te nombre - of: ; - eepresque parfaite de la valeur de l’intégrale vis- 


&-vis des résultats expérimentaux obtenus” par 
M.F.L. Wattendorf.(2) . ie 


“KK © Conférence & l’ Assemblée de la Société physi: o- 
bis mathématique du Japon, qui a en lieu le 18, Juillet, 


‘paisque = 2 


- 1948, a Sendai. - 199973. : S40 6 aa 2 : Tom a 
© Biscuuiy al’ Aataapice mensuelle de Ja Société (18) E. Picard: Traits anal ie 


a o-mathématique du Japon quia eu lieu le 15. Ohap. VIL oe ats 
ay a Poko. es . (4) ©. Runge und Sain las Numerischos : 

* © Conférence 4 l’A:semblée de la Société aéro- ees (Berlin, 1924, S. 311-316). 4 a 
 nautique du Nippon qui a eu lieu le 17; avril, 1944 (5), J. Kampé de Fériet: | Ann. Soc. Soi. 
ed Tokyo-To, Bruxelles, 1939. ae He, : 
ene | (6) O. Reynolds: Phil. Trans. Roy. Soe 

= Bibliographie. 1894; Scientific papers Vol. 2. 

QQ) Th. de Kérman: Jour. Aéro. Sci. Vol. 4, (7) G. I. abies Proc, Roy. Soc. A. 
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a hath main tasks of the denn theory is to find tl 
Introduction. ; 


austen amplitudes and. the phases of the waves aay 
it years, since ultra-short radio waves 


gating into and out af the openings. — 


rop pice af hee SominlGnends Laie. sys- ¢ 
toms. : ’ Sy cane eee 
i aber i ie: aH Fig. 1. System of wave mid anda cavity 
- Suppose, i inétanoe; & circuit as shown in resonator. — ear 


bee To treat saan robes one has to i 
_ concentric cables* as openings. As indicated 
ap ‘in the picture, cavity resonators of any forms 

may also be attached to-the circuit, _ One of the 


and the phases of the various waves are express- 


<a is aR given forms of the wave ed in terms of the characteristic matrix which is _ 


guides and the resonators aid also to the given — symmetric and unitary. Although this expres- 


enables us to deal with the complicated circuit | the incoming and the outgoing waves nmust be” 
a systems. - There exist, as will be shown below, balanced with each other. 

i” Bbrie. general relations between the amplitudes The notion accompanied by the choracteristic 
- and the phases of the various waves at the various matrix is not so strange to physicists. Tn their 


- openings. These relations, which can be obtained Consideration about the quantum mechanical | 


a 
A 
ee 


Even when this is not. the ease, further experi- 
« mental determination of a few characteristic con- 
stants is usually sufficient for many purposes.” 

~ Asa mathematical tool. for such a general 


"consideration 1 propose in. this paper to intro. aaj oy complex. Then the Maxwell equitions _ 
\ 


duce a concept ‘which seems to me as useful 


as the concept of impedance in the ordinary field H have the Fe ele 


curl E= twp 


eircuit, theory. I shall call this new concept a ; 
curl H=—tweE ., ae 1) 


‘characteristic matrix.’”’ I think that it wil, 
. be also possible to set up a general be 
. _ theory on the basis. of this néw ‘term, and that ~ 


itis especially desirable in the region of ultra- adie = ty 


shortwaves, because there the new circuit ele- 
ments: are. widely used and the application of 
the concept. of impedance is, L.think, too arti- 


=: a Ne wards parallel] to the axis of the wave guide; 
ficial. The final decision, however, whether or a page ip 

es Brion 1% : . -while z- and y-axes liv in its cross section. 
a h v is here preferable to im- ee ‘ ate ts, 
ee ges Copeemt ‘ i: = The origin of the coordinates is taken “at some 
pedance should of: course be given not only by 
; t oreti hysicist but also by general electro- . ; : ; 
crea! phyecis ‘ ae a4: the wave guide. We label the wave guides 
engineers. ns a ‘. . es 3 


An terms of this new concept the general * We use, for simplicity, the word “frequency ”” 


relations mth exist between the amplitudes in place of “ angular frequency.” 


= Lo 


loads and driving conditions at the Openings. _ sion seems rather newish, its physical contents ei 
Since, however, one thus meets with very are not new. As we shall sce later, the sym- re 
: complicated ucicryoratae problems, it is in metry of the characteristic matrix is nothing 5 é 
majority of cases impossible to find the explicit but the mathematical expression of the well - 
solution of the problem. ! : a known reciprocity relation between: various — 
In spite of these circumstances it is still “pos: ‘waves. The unitary character, on the other — 


. sible to give a general point of view which hand, means that the energies transported by 


without ‘solving the Maxwell equations explicit- collision problem Breit. has already intrdduced- ce 
ly,, give so many informations about the circuit the aa “ scattering matrix.’’ The purpose of j 


that the general consideration alone often suf- the present paper is to notice the usefulness _ 


: fices. to find the properties: of {heLoLeeuibaas:, of this idea in the electromagnetic phenomena. — in 
.  §1 General remarks 


in the circuit of Fig. 1 depends on time in the 


form e-*?, The frequency* w may be either 


for the electric fidld-E and for the magnetic c 


permeability and the dielectric constant of the 


‘We introduce in every wave guide the co- 


suitably chosen standard position on the axis of ; 


ui 
a: 


where fz and e mean respectively the magnetic : 


ordinate axes, the z-axis being direeted out- 
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by the suffix V. Thus the coordinates %y, Yy 
and zy are referred to the N-th wave guide. 
In the V-th wave guide a complete set of 
special solutions of (1,1) satisfying the bound- 
ary condition at the wall of this wave guide is 


known.'2) These special solutions have the 


form: 
te =F,*(2, iA 
H+ =6,*(«, ye" (1, 2) 
or 
E-=Fye —tkiz 
H-=c-e (1, 8) 


It k,.is real, it is assumed to be positive 
(see below), so the solutions of the form 
~G, 2) represent waves propagating outwards 
through the openings, and the solutions of the 
form (1, 8) represent inwards propagating 
waves. The suffix 7 specifies the modé of the 
wave and the wave with a specified value of J 


has the wave length 
= 2a 
A= ky C) 
The waves in the wave guide can be further 


classified into so-called E- and “‘H- waves. For 


the E-wave F and G in (1, 2) or (1, 8) have 
the form 


F#,= if 24 OU. 
’ € Ox 4 


a ef Dh, OU, 
B= a0/ 2 ai 


? 


oe 
eh, (Bet ohne )U,, 


1s ae 
F= 


ke, = OY 
: 5 ay he ‘ 
GF, = tw 7 ce 
lge=o, 


C1, 4) 


and for the H- wave we have 


Fe, =twy/ eg OU, 


iss OY) vs 
aS 
FE ,= ~iw,/ 24 GU, 
: k, Ox , f 


PF, =90; 
@¢.=41/ 2% Ui 
ie 7 ax 
oii ( 
ie pe OY : 
Gi.=V ee (—k2t+a%ye)U, , | : 
; phy, 4 
C1, 5) | 
where U,(a,y), a function of x and y, is the -th 
eigen-function of the equation : 
07U, , GU, 


0x" By? +«fU;= 0, C1, 6) , 


xe being the corresponding eigenvalue. The 


boundary condition for U; is, for the E-waves 


pa ity 


fal sgn native DA Oho 


U,(%,Y) boundary =0, qd, 7) 
and for the H-wave . 
(ee oe 


where n denotes the normal to the boundary - 
contour of the cross section of the wave guide. 
The eigenvalue «7 is connected with the wave - 
number &,.in (1,2) and (1, 3) by means of 
ky=/ pe—K; - Gd, 9) 


As to the sign of the square root we make the 


ee ee ne es eee 


> 
4 


following convention: when &, is real, the posi- 


tive square root should be taken. In the case of 


< 

7 

ES 
» 


complex &,, its imaginary part should be positive.. 
The field in the wave guide does not then have — 
a sinusoidal form. . In this case the field is cut 
off by the wave guide. | 
We assume further that U, is normalised by 
[BH By tet, ao 


1 


the integral being taken over the area of — 
the cross section J of the wave guide. To 
see the physical meaning of this normali- -_ 
sation we calculate the energy ‘transported by. i 
the wave (k, being assumed to be real). Ac- — 
cording to Poynting’s theorem the energy flow 
per unit time through the wave guide is 4 


1 3 oe x : 
S=+ f ((ExH].+(ExH]}dedy, (411) 


- 


equi Fane = pele ae C1; 2) or q, 3) and use 
- 4) or. nes 5), then we obtain 


sof (Ge ae), } +(3) ‘{dedy, C1, 12), 


In this way we 


4 
see that the normalisation 
a, 10) means that the energy transported in 
~ one period of osciJlation is unity. _ 

SM Ag there are two kinds of waves, E- and H- 
is waves, we need one more suffix to specify the 
elementary wave (1, 2) or (1, 8), but we avoid 
this complication by making the convention 
that we use even é for E-waves and odd J for 
ae tS ke 5 

Since the complete es of special Shee is 
Be thus maaan in each wave guide, any electro- 
4 magnetic field with the frequeney @ can be, 
inthe NV-th wave See cee in the form: 


| Bees. YN bee te 8 Gruie ~ thy, ten 


’ 


Beek (ew, ations 


| Acessyes)= = SNE Cay,yrye Heaian 


+ Pe Gensynyetitesen : 
PAD 


| in order to determine the (complex) amplitudes 
© yn and gi (N= Mee teal Oe Sie ns) 
so that the solution may aes the boundary 
condition at the all of the cavity, we need pre- 
cise prescriptions about, the form of the circuit 


‘system (forms of the cavities and art of con- 


eo el a 


nections of wave guides‘ and so on). These 


and the method of excitation at the openings, 


which i impose various boundary conditions on E 
and H at the openings. However, among these 
manifold problems corresponding each to a set of 
possible boundary conditions at the openings, 


4 


- amplitudes depend also on the load conditions — 


— 


the N-th opening) a wave of a simple mode ° 


into this opening. Further, no incoming waves 


' © In the preceding section we have considered 


at all are coming into from the remaining oper : 


there exist several simplest and most funda- 


mental ones, the knowledge of which is already = 


sufficient for obtaining the solutions for any 


ran 


other problems. 

As such simplest problems we consider the fol- - 
lowings. Suppose that from one opening (say 
(say of the i-th mode) of unit amplitude is. : 
coming in (the unit amplitude means here that 
unit energy is transported in one period), and g 


that no waves of other modes are propagating — 


at all exist in the remaining other openings. - 
Then what waves will propagate out of each — 
opening ?** = 

The reason why we call this problem fend 
mental is that if we can once answer this pro-_ 
blem for all values of WV and JZ, then the pro- 
blem with more complicated conditions at the 
openings can be solved algebraically without _ 
returning to the Maxwell equations in each case 


anew. Examples will be given below.” 


§2. Introduction of characie- 
ristic matrix ¢ 

the following fundamental problem: From the 
V-th opening the wave of the ¢-th mode of unit 
amplitude is coming in, and no further incom- 
ing waves exist in this wave guide. No waves 
ings. Then what will be the waves going out of Z 
each opening? We suppose now this problem to : 
be solved, and let the amplitude of the //-th 2 
wave going out of the V’-th opening be denot- 


ed by 


* We use, for simplicity, the word ‘‘period” for — 
the reciprocal of «, whereas the true period is oS 
by T=2r/u. es 

** Tt is always supposed that the ens oe = 
waves at the outer ends of the wave guides are pre- =a 
vented by some suitable devices. 


E 


when the amplitudes of the waves coming into the 
Let — 


(2, 1) 


t 
. ay, ve 


- Here the upper suffixes VV and / are ineroened 
to indicate that this amplitude is due to the 
incoming wave of the /-th mode through the 


; : ; W-th opening. 


ee this definition of aX? the electric and the 


—thwys, ven 


yar (ay/ ry ye 


+k. 7, UZ 
tat PCy! wes vem, 


AC! Yn! s24') 


SHdHdLE- (ay! Yn e 


—tk NW’, VENT 


dg : ‘ ins Zur 
ath, C* Ces! yn'ye" ree sary, (2, 2) 


‘upper suffixes V and J of these E and 
; introduced to emphasise that these Hela 
30 the incoming wave of the J-th mode 
2 N-th opening. | of 6? in @, 2) is the 


wn Kronecker symbol having the pro- 


for a=b , 
for a+b. 


opt ra 
ooo 


Y ead the openings. But if it is once dusts 
¥, is° known for all values of WV, 2 


why, 


we can obtain, as mentioned in 


“eqiations for each problem. 
Asan example we shall determine the ampli- 


tndos of the waves going out of the openings, 


reuit through every Opening are given. 


(2,38) 


avy eae we must solve the 


Saas eae the solution for any load 
Ms dere comiieesa at the wall. 


high comes in ‘team th 
bé the unknown amplitude of the J-th wa ng 


out of the JV-th opening. ‘Then the fields E and 
H whieh satisty the Maxell equations and the 


waye guide the from | fey tae 
E(x’ yx’ 2x!) 
= Daw! nv F- Ga! syne 


aa A “ee 
+ py! F* Cay! gre. oo oye 


Has! ,yr'en’) 
= Filan s'E- Cen’ ,yn'Je 


nah wes 


A rete 


lene Ue 


-@, 4). 
On the other hand, on multiplying 2, 2) ie 


+ py’ )'G* (xy’ yr! Je 


Qn and summing over all N and 4 we obtain 


4 
ro 


Syne Gai Yn hen!) 
=Ditgy’ as Ci 


re 


~ik; 7 Mate ca 
‘yse wi ra 


nhee we 


, 


+ Sey IN aF* Cay! sas!de = et ; 


Syd v Can! Yn’ Zn!) 
Z ee 

’ a . SS is a ro 
= Filan’ G- n'y Je ee Fe 
; +e vq G* Cas? 2: er 


‘ =) 4) 


T= 
x 5) 


Since for we, value ae iV, and y Q, 2) satiaun 


. boundary conditions must have in the N’-th” | 


. i 
Hw’, ft As 


ta 
K 


s 
* 


fies the Maxwell equations and the boundary 


condition at the wall of the circuit, (of the r res g 
nators as well as of the wave guides), which ¢ 


aoe: of the incoming waves contained i 


* Since the acnpeadans is complex, it: 
also the information about, the | Phase 


oscillation. 


‘both linear in the field quantities, es ae als = 


“Since, further) me 


A 


= passer qx, ne. (2, o) 

This relation is often very usefial in the follow- 
ing considerations. ; 

Since the solution of the problem under any 
3 given load and excitation conditions is caleu- 
lated by means of aN ys as illustrated in the 
example given above, all characteristics of the 


: given circuit are involved in the assembly of 


"quantities ayy. This assembly of quantities | 


: arranged | in the form of a matrix 


= 


m2 (a7) 


ale. 


ie 


the “upper suffixes referring to the column and 
- the lower to ‘the row, may be thus" vette 


“ characteristic matrix.’’ 


To ealculate the characteristic matrix of a~ 
given circuit, we must, of course, solve the 
“Maxwell equations explicitly. . This requires in 
majority of cases the solution of a very com- /- 
plicated mathematical problem, which forces us 
to give. up to find the explicit solution. As we 
a shall show in the next. section, hewever, the 
characteristic matix is ‘nevertheless a. very use- 
e . ful concept for treating the complicated circuit 
system owing to the considerably many intrin- 
sic relations existing between its matrix ele- 
ments: an. IN’, mr This situation is analogous to that, 
"although the explicit calculation of the impe- 
q dance is often very difficult, this does never 
3 . prevent us from useing of this concept as the 
| & _ foundation of the general circuit theory. 


? From the fundamental relation 2, 6) we see 
that the characteristic matrix could also be 
introduced as “the transiormation matrix which 
expresses the amplitudes of the outgoing waves 
in terms of the’ amplitudes of the incoming 
waves. ‘That these amplitudes can be obtained 


i 
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anes S waves have well- defined meanings, fe 


x 
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from one another by a linear transformation is - 
obvious because of the linearity of the Maxwell, — 
equations as well as the boone conditions 
at the walls and the openings. eee f 

_ Also in the ordinary circuit theory the ees is 
ponding transformation matrix have been used. 
In this case the usefulness of such matrix is 
based upon: the linearity of the fiindamnenial soe 
equations of the electromagnetic phenomena. =a 
In the 7 


i . . oe 
stance, the impedance matrix is used > 


(Be Zh : 
AE Loe . 


which can be regarded as | defining the trens ; 


case of a four terminal system, for in-. 


(2, 8) a 


formation from the currents J, and J, at the. 
terminals 1 and 2 into the voltages ie and Ve 


at the same terminals: 


ou tae it 


rent and a ‘Since. in such circuit 


Be 
so our concept of characteristic matrix oan be — 
used also in these new ‘circuit systems. ; 

In the special case of a system with ‘only Ng 
one opening in which only one mode of wave 
is possible Cor instance,. when the opening is r 
a sufficiently narrow wave guide, or a concent-. 
rie cable, or eventually Lecher wires) the chara- nid 
cteristic matrix has only one row and one co- 
Jumn so that it reduces into an ordinary (com- 
plex) number. In such a tase it can be defined 
from (2, 6) simply as the ratio: 


amplitude of the outgoing 
wave at the opening | (2, 10) 


~~ amplitude of the incom- ~ | : 
ing wave at the opening . ee ae Bt) 


Chis definition of the characteristic matrix may 


—e(B-E' Mav 


2-nd relation 


fcwxins wanna 
D3 “ey ra 


compared ‘with the ordinary definition of the. 
a nee as oe ratio: 


= iw!) f (nH) : 
A | ee ‘ 


nee Sd : 


‘ 


i righthand side js taken a we 
"closed i ut, Sea “2 se 


te Px 


es ther o= Lie We ive! = = a ‘losed 


Sa General properties of the nee of fy inner wall of ‘the 
SP aes matrix. 


we have ae 


(x, xin, 20: 


He Tere . ake 
~ beurl H= —tweE, 5B, te ey tag @, 2) and B, 8) ose @ 
ae is obtain route 


: 3 EER "p an y “ fre « 
al 7% 2] aie ae f , pra cea YN _ ae 
Sourl HW’ = —tw ‘eH. (83,2) i 


“The eequency w and o! may. be either ety nt 3 ames Fie be Mee 
1) eee 


t 
or “complex. Also the case‘w=a! is not 6x=._, 


ded. Then we have the following two rela- x Of, aga wire Cyne o 
ns which ean be proved easily by means = 


. Toit Y sotiates +ih’ ae he 
9 aN Rte : 
—ik” wre” ue 
x (BL 38 -Cne F : 
Aik’ 12” E 
<S 40% yy Gie <2 fade! 
Ae | | (3, 6) 


~ Here we ‘have written, for simplicity, 2/’,y’’- 


al! and i! instead of Byrn, Yr j2nrr and kyr. 
a: ‘The anguments in F and G are 2!’ and y/’. 

Tf we substitute for F and G in (8, 6) “those of 
a. 4) and G 5), and use the orthogonal pro- 
- perty of U,, we see. that, on integrating over 
a! and yl! the terms on the left hand side 
for which J/” is not equal to 0/”/ vanish. Fur- 


: ther we obtain for-terms with rs! 


et tee vw XGb len dal’dy!’ = —20 
| Sore. x Gr] ordeal! dy!" Say C— 1)’2@ 
| fore xet te delay’ =(—1y'20 


Puri Crdedalay 80, 8,7). 


- By using these relation and noting that U’g are 


a 


normalised. acoording to CQ, 10), the relation 
PG, 6) is reduced to the very simple form: 
2w{ar! yy) "y= 0. — 6,8) | 
x This last relation gives, as w is not zero, a set 


a ets relations: between ‘matrix elements: 


: oe ae as =1,2,8,----, i 


metric. ; 
These symmetry relations mean in. words 


"that the amplitude of the J/-th wave going out 


unit amplitude and no further waves are com- 


ing in pao the .V-th opening is equal to 
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and HN!’ 


“The set of ee (8, 9) leads us to the * 


conelusion that the character istic matrix is vai 


_unbarred 2 always to be real. 
of the N/-th opening when the J-th wave of 


the amplitude of ‘the Lth wave going out of 


the NV-th opening when the i-th wave of unit — 
amplitude and no further waves are coming 
in through the N/-th opening. This theorem _ 
is well known under the name of reciprocity — 
relation. Our relations (3,9) are thus the 
mathematical expression for this reciprocity 
theorem in terms of the characteristic matrix. 
The relation (3, 9) holds for either real or com- 
plex freqneney. : = 
“We apply now the second theorem (3, 4) 
using E%,! and H’ for E and H, and EN 
for E’ and H’. 


here w=w’, but w must be real in this case. 


We assume also 


After several calculations we get 


° 


ee a 
Sr bir ve vk lan = bey eee 
\ NI i 
—aN}, Viney Le t 
Mee, V View 
ce +khw-,1 )z ae 
; fiz ae FE 
i ay! Vii keny \,~ Wena th) 
tees fex,t 
x es ee ee 
_syiy ata | baer ee) 
SENT TE * v5 rN wr 
NYT LT 
NIT JeN/S : a 
scot Savy ae ‘ (3, 10) 


: We shall here classify the waves of various 
modes into those for which %; is real and those 
for which &, is imaginary. To emphasize that : 
k, is imaginary and thus the mode represents 5 es 
a damped wave, we affix a bar on i, such as . 
Z. On the other hand, we - consider hk, with .« 
‘hen the rela- 
tion” @, 10) is splitted into several relatons as 


follows: : 


CO Sah" aries un =0 (3, 11) 


te hg 


x 


“ ta ae ~y Ni. hr N,l =0 
aN ee eee 


nae lw Nyt 
ia¥d,, TS Inyjcr Ayn =0 
Navi 


ies any ae aiiane 

ae: (3, 12) 
‘% If the wave guides are long enough, so that 
he waves with imaginary ky which are even- 
generated in the circuit are perfectly 
ut ped. at the openings, we ‘maay consider all 
ith barred Z to vanish. We need, as a 
ence, only to consider” the a’s without 


> that also the pee gues matrix can 


2 case of N= 9 AES Ba Gs 11) is 


C8; ey 


SW" an N, iio 
la ay! jou 


energies transported by the various 
waves when a wave of unit amplitude 


in, while the unity standing on the 


y * . 
side means the energy transported 
t incoming “wave of unit amplitude, ‘The . 


a 4D) Sener, thus the balance of 


Nu ln Nil 
apy ei ay’ yl =0 
A y 


cs satisfied cannot be interpreted te) ate 


“a ates just ie these relations, een with z 


; are equal to oné another. eT ; i 


going waves, by its # eoantoste saeee equation, F 


and taking the summation over all values of AV 


and @, we obtain 


N ee 


es sty aN NO, po Ae 

; =I ey a a Quy 
15) |G 
If we use here the. unitary relation (3, 11) no- 4 


ee thé ‘symmetry property GC, rail we obtain ’ 


@, 16) 


Sup Pon = SM Neevie > > 


which means ‘that the energies ietinae ed by 


the incoming waves and the outgoing | waves 
As stated above, our raiakions (the symmet- 
ry and the unitary relations) are often” very 
useful to give insight of in properties of ay 
given cireuit evepern without ee ont the 
detailed calculation. Considerably many ins y 
formation about the circuit can be thus obtiain- if 
- Such ex- ; 
amples will be given in § 5, of this ‘per 8 “a 


ed by a general consideration alone. 


in $9 of ne second paper. ware 


* 


§ 43 Some Simple examples mi 

We shall now. give some simple examples > 
showing how we can solve the problem with et 
more complicated conditions | at the openings — 
by means of algebraical operations: alone when - 


the characteristic matrix of the  cireuit i is known, 


Let us BappOse; for instance, a v circuit, with 
» two- opinings. “Was waves Hcl si Bee 


Tet q, be the lento ‘actabeses of the 


et 


incoming wave in aa fiat wave eid, and let 


Re 


\ 


incomming wave and a, the unknown amplitude 
of tho J-th outgoing wave in the second wave 
guide. 
“relation @, 6) we have 


p= 7 ‘G+ Sait Yr 


2,= Sa ! qu + Say be 


Then, according. to the fundamental 


e, When the characteristic matrix an’ is known, 


we can. obtain the answer by solvin g this sean: 


and y. 


_ Next we shall give another example. We 


2 as. ahown in Fig. 2(A). We insert a piston 
-P in the zero-th wave guide, (see Fig. 2(B)). 
This piston is supposed to reflect back each 
wave without changing its mode. The ampli- 


tudes of the waves transmitted to the opening 


quired as a function of the position of the piston 
when the wave of the ‘first mode, say, of unit 


amplitude is incident through the first opening. 
os . < 4 - “ 


Fig. 2. Circuits with and without a piston. 


If the characteristic atret A of the three- 
; opening circuit of Fig. 2(A) is known, we can 
The 
amplitude of the J-th wave directly xeflected 


solve this problem in the following way: : 


back’to the first openih g is ay, by the definition 


__ of the charaeteristic. matrix. Howevér; waves 


br will be partly transmitted into the zero-th wave 
guide and’ reach the piston, which will reflect 
them backward. Let now € denote the displace- 
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Coban 


taneous algebraic equations for the unknowns Ky 


tude of the Z/-th wave contained in the seconda- 


‘suppose a circuit with three openings 0, 1 and 


a and, ‘those reflected to £ St 
d to the opening 1 are re pee and Scarnabot tess ded de the tertiary 


i 
ment of the piston from the standard position, 
and the 2’-th wave which has thus arrived at the 
piston has there the amplitude alle ue (by ad 
the definition of the characteristic matrix this 
wave has the amplitude ay). at the standard . 


point 0). The waves which are in this way 


once reflected by the piston can now be regard- — ce 


ed as the secondary waves propagating ‘into | 
the zero-th opening. They will partly trans- 
mitted into the first opening and partly reflect- 


ed back again to the piston. Since the ampli- _ 


2ikwve 


ry waves is at the standard point ay ve ee 


the amplitude of the J-th outgoing wave at ten y 
first‘ opening Ae due to these secondary. eee 


waves is > \atyl’ay',,€ wee and. the amplitude of 
v 

the J th wave va oe fe ‘back towards the 
piston is 200, ay oe "Cat the standard point). 


This tatter wave will be reflected again by the ee 


wave ‘propagating into the zero-th opening. 
The tértiary waves which are: in this way. re reas ts 
flected twice by the piston will contribute to zs 


the amplitude of the J/-th outgoing wave at the ; 


first opening ; this contribution is Spa wer ot 
ca bearer Qtkin Rk eel 
Sas Dt” ; eat! ge— “BY adding the pt 4 


tudes of the directly reflected wave ne 7 
due to the secondary, the tertiary,-.--waves, — 
we obtain finally the: amplitude of the x -th oa 4 


wave reflected to the first Spans 


Qikein & 
etd, 9. ibe 1,1” 
U1, ee ur geet wv @ aa 
Qky€ 2ky u é fy 
— 0. W776 O07 1,1 
. +o Ayer Arn a Sen 
wenger ee” ae 
cinttns (4, 2) - 


The amplitude of the //-th wave transmitted. 
to the second opening can also be obtained in 
a similar way: ; 


9,2" @ 
%o, =’ r+ Dee 


Bikin € 


qi! 
Fan 
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25 Ente 


thas 
a, Waaad 


0, 


_ ‘7 tat 
4S ai/e 


rai 
foes (4, 3) 

It is often convenient for such treatments 

to introdace the symbolism of the matrix al- 

gebra. If we denote by the partial matrix of A 

obtained by ficking up the matrix elements 

referring to the V-th and V’-th opening, 


Nv’ 
AD 


Nv 2 N’3 
Qayi Gyi Gy,i = 
wl 2 N73 
pies Gy}, Gs ang 
oF, ml 
NI N’2 NS 
Ors ays In3 


(4, 4) 
Then, for instance, (2,6) can be written as 


Py= SAN Qur GV=1;2,3; tas -), (4, 5) 


where Py is the one-column matrix (or vector) 
whose matrix elements represent the amplitudes 


of the outgoing waves in the JV-th wave guide: 
PN 


Px 2 
Py3 

: oa te - (4, 6) 
and Qy is the one-column matrix whose mat-. 


Py= 


rix elements are the amplitudes of the incom- 
ing waves in the NV-th wave guide: 
: qv 
ape Ina 
450 |, (4, 7) 
Using this symbolism the equation (4,1) can 
now be written as 
e { = AjQ+ ALY 
X=AIQ+ AP, (4, 8) 
the formal solution of which is readily written 
Pat, 
= (AD~"CP— AiQ) = CAD) -1P 
~ (Aq) "AQ 
X=.A1Q+ A3(A)-'(P— 439) 
= A?(A?)-1P 


+{Aj—Aj 1CAD)-AHQ. (4,9). — 


Sin-itiro TOMONAGA 
* 
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By introducting the matrix symbolism the ‘ 
infinite series of (4,2) and (4, 3) can also be ~ 
expressed in a closed form. At first the series . 
is written in the form 


X,={Al+ AyD) A} ; 


[ ene) DOA : 
= [Al+ AMD(E) {14+ AIDE) : 


+ ASD) AS DCE) + - FAIL 
X,=(Al+ ASD) A} 
+ AS DE) AIDE) Al+ + Hy 


=[AH+ AID@U+ ADE) — ~ i 
+ A DEASDE) “4 
+34 4,10) 
where I, means the following one column mat- 
rix: . 
1 
= 
I,=| . 4 


’ (4, ESS 


Dé) =} 


> 


(4, 12) 


Then, it is noticed that the series in (4,10) is 
a geometrical series with 1 as the first term 
and A»°D(é) as the common ratio. We obtain 
thus 
X,=[4A}+ 4D 
—ASD(E)}-1A1]L, 
X,=[Al+ 4D {1 
—-AVDEO)}4)L. (4,13) 
By generalising the above consideration: we 
can easily obtain the characteristic matrix for 
the two-opening circuit of Fig. 2(B) in terms 
of the characteristic matrix of the three-open- _ 
ing cireuit of Fig. 2(A). Let this unknown 
matrix of the two-opening cireuit be denoted 
by B. Then the matrix B is found to be 


a ee a ne ee an ee eteeeanind 


= ~AD®)}- ‘Ay 
=AH+ADOM - 
_ —ASDE)}-1AE 
=AItADOU ~ 
 —AID(@)}-1A4B 
Bj= Aj+ AIDE) {1 
— A$ DC&)}-1 43. (4, 44) 
a The result (4,14) can also be eveped 
: directly from the fundamental relation (4, B) 
4 in the following way, if it is noted that, owing 


a to the existence of the piston at the position 


plitudes of the incoming waves in ‘the zero-th 

"guide must be related to those of the out- 

going waves in the same wave guide by 
Q=DOP. "2 @, 15) 

_ For our r three-opening circuit the relation (4, 5) 


‘ 


| eee meres 


Py=A8Qn+ AlQi+ AQ: os 

a P2= 1Qo+ AIQ,+ Aj Qe: (4, 16) 
a 

; If we oliminate Py and Or iota (4,16) and 
— 


ee 


4, 15), we obtain the relation between P;,P2 
=. and O92: 
P= Hai) {1 
— A; D(E)}- AB] Q: 
+} AY D(E) ae 
z —ASD(E)} 143] Qa 
: eet ADU 
—AgDE)}* Ag] 1 
+a +ADEOM i wg 
Sioa ie ADO "AIO: ey 
cea means that the chara ristic matrix of 
the two- opening circuit with ae piston at & is 
pee really by CA, yy eee 
ge - Application to symmetrical 
Sag -\ traps.* . 
vie a cee Lexan of our theory we dis- 


‘ 
oe 
ee 


“+ [44 


uss the Lcd aban of a srrarnenriss! trap. Sup- 


-guide AB (see Fig. 8). The wave guide and the 
 side-tube may have any form, but the combined 


‘system must have a symmetry with respect to — 


such a system 


é, which reflects the waves iacevard: the am- 


" We label the openings by 0, 1 and 2 as shown 


pose that a side-tube is attached to the wave _ 


A and B: So the circuit may also have a form 
as indicated in (B’) in the figure. 
is then inserted in the side tube. We shall 


further assume that the wave guides are long 


A piston — 


and narrow enough so that we need not con-— 


sider the waves of higher modes. We shall call 


ce 


symmetrical trap.” 


Fig. 8. Symmetricalgtrap. 

To obtain the properties of the symmetrical 
trap we consider first the three- -opening re: ; 
(A), drawing the piston out of the side-tube. 
in the figure. The characteristic matrix has 
then 3X3=9 matrix elements. The number 
of the independent. parameters whieh are need- 


ed to characterise the circuit is, however, much — 


= 
re: 


less owing to the symmetry and the unitary | 


* This paragraph is partly due to Miyazima. 


ey, Sharaater of the matrix. Moreover, 
still reduced in our case by the above mention- 

ed symmetrical structure of the circuit. We 

have, namely, besides the relations 

Ps G7 = a2", (5, 1) 


which express the symmetry character of the 


¥ af =a;’ ; Gg Eee 


atrix, further relations 
©, 2) 


wae from the symmetrical structure of 


- at= =q", a'=ay”, 


We write here the peels mat~ 


sy s]aplt=1 
SNA a: 


G4)” 


; . (5, 5) 
“Then the fourth relation of (5, 4) can be writ- 


.: ten in the form, Oar 
[4[7+2] 42 |@2"| cosy" ~ 03") 
=0. (6, 4) 
we use here the second relation, we have 


< 


[ait ]?+ ast |?—2 | ;"| | ast | cos(0,"— Oa") 


’ 
they are. 


‘ 


On the other hand, iis: third relation 


gives 


th 54) 
If we now oe oe and a,! rik vectors on 
the Gauss plane and let them be OA. and OB 
4. Then: 6, 4!) means 


. 


respectively, see Fig. 


+ > 
that their sum OC mentees os | a0 ®le™ Hens ‘ O08) 4 
~The relation. (6, 4! | shows further that the a 
length of BA is pie 


8 
- 


Fig, 4. Vector Mime for 


Ja? le i(20,°- =A 


Putting now, 
ses CPA= a ee 


and notin 5 


be” oA=Ob+9K Le 


| OB=0P— -PA, ee 
we obtain, ; 


“ 


a," gle “ret Je’ i298) Ss 


watt 


By these two a 


lation 


By introducing 6, Re this. gives 


FT =e? 


Jars" = late mach "let = |a,t|e" tt - 


E aa one i 1—|a° |e (0% as 


4 aS 1 Se eS 
of Sats bls Se : ; 
eee ~ 04° 0 : re ¢ eS 
: | CP saat +t fare OH) 
It can ae easily a that these a’s eeevisty te aps i(8.° Se ae = 


the unitary condition 6, 4). Soe = 5 ) ee 
eae a Given big ee = 


We now insert the piston in the side-tube, ees é 
Now, the first conclusion drawn from these af 


and let = denote its distance from the standard — 


formulae is that by suitably adjusting the piston 


position. To obtain the characteristic matrix 
the trap ean be made so that it reflects the 


B for the two-opening circuit @) we eliminate 


ion . wave perfectly or transmits it without pated = 
Po an qo om . E s : See 


=a, +a, +a, ‘ eee 
See na . ie oes is = either 6,1 or 5,’ vanish by adjusting € suitablly. 

=a a a GA. 
Ps 1°40 i ‘% 3 a fe This is possible because - of the adoeey = = 
| pa= a; %Go+az! tag, io ee we 


tion. Thus one can make the numerator of — 


le * x[a||=|12 lal, ©, 16) 


pest? Qiks : ® : 
GOO Dog cnc Sc Ue 12) The second conclusion drown from (5, 15) is that 
were p’ s and q’s have the obvious meanings. : 


We have. then Be a 


the symmetrical trap can be used as a matching 


‘ device. Since this problem was treated by Miya- 
he aS ee . -  gima,'3) we shall not enter into this. We are 


_not contented with the result that the essential 


eee es properties of our symmetrical trap 18 already 

as mah Peas So kieceae tet ks characterized if we give two parameters [a9] 

1 rn ag eae -. and g, since the other parameters -6,° and 0° 

ha Ske ean be adjusted at will by displacing the stan- 3 

oike : 4 . ahs : dard points.” Thus, ‘essentially, only two sort of “A 

alae te is Ag ae 18) experiments suffice to determine the character 
—a ; 


f 


of our symmetrical trap. : : 
oe means ‘that. the charactoristio matrix B Pa : . cath eet 


es is ace ae Bay ee pe Fa ee Co be continual 
sal Stee bs “eo a ie a haha’ Ya: ~ References. 


(i). G. Breit: Phys. Rev. 58 (1940), 1068. i 
(2). Lord Rayleigh: Ph. Mag., 43 (1897), 125. = 
3) T. Sas Se, Pap. I.P.C.R., 42 (1947), a 
‘Phys. ‘121. - 


On the Elimination ae the Auniiney Condition ‘a the 
- Quantum Electrodynamics. 1 


By Satio , HAYAKAWA: 
Central _ 
Meteorological Observatory. 


and 


Yonezi MIYAMOTO a 
Physical Institute, 
Tokyo University. 


Sin-itiro TOMONAGA 
Physical Institute, 
Tokyo Bunrika Daigaku. 


(Received December 2, 1946) 


 § 1. Introduction : 
_ Since the discovery of the quantum mecha- 


pee: various attempts have been made to build — 


the SEL a pana description of the i in- 


.: ‘ime ee of Dirac j is the ee satisfactory ¢ one 


Roe 


and Podolsky™ in a perfectly‘ relativistic form 


from the fone of the ey, of Sete : 


+ free from any undesirable feature of other for- 8 


malisms of the quantum electrodynamics, in 
which the time variable ¢ plays a role quite 
ce ae from the space variables x, y, and 


pBbh in the elimination of the so-called 


introduced into the theory by separating the 
i _ longitudinal and the transverse components of 


aa the field, since this distinction of the field com-— 


_ ponents has the definite meaning only referring 
to some specified Lorentz frame. 


The aim of the Papen paver is to show how 


oe tivistic aa of the theory should be minds 


\ 


< 


generalization of the idea of transverse and 


longitudinal components of the field. For the 


sake of easier under pape we shall IL begin with 


“Let the Eatean of the fundamental te 
sor be Sr» which have. the values” 
goo= —1. 911 = J22= 933 = 
~Guv=0 for pe. fe: 
We use thick letters to denote four-vectors. 
Thus the position of the workd ‘Soint with t 
coordinates (ct, 2,4,2) is denoted by ca 


a letter affixed with an arrow, | such” AB 


(@,y,2). The symbols such ‘as Grad, Div. e 7. 


mean the differential | seca in ‘the Boy 


bols th ee curl se mean te creat f 


a 


Lagrange huteion ior 1 the cloctx 


is given by ted dee KS 


ae at 


“aby re Ov rae 


pol chown feet we qe tk 


_ ed. As we shall show in the following para- _ equations for the potent 


ee this is possible through the relativistic — 


their eahonioels sonjngnte 


- space component of a four-veotor i is. denotad b e 3 


pect to Lorentz transformations. 


"3. +=‘These equations of motion yield then 


D4=0 and (P=0. (1.8) 
- But the Maxwell equations are first obtained 
when we put sl ‘ 
| Div A=0. 
in the canonical equations. 
dition (1. 4) is satisfied for all values of ¢ if it 


(1. 4) 


The auxiliary con- 


is eaaly: satisfied with the condition 2 Diva 


Me 


=0. ‘The equation (1.4) is usually called Lo- 
° rentz condition. 

‘Since’ the potential A. satisfies the d’Alem- 
‘pert equation (1. 8) ‘ it ean be represented by 


 @ superposition of plane waves: 


A) =e te ar f age 


=> 
ents aoe rab 
4ar@e PE G8) 
Seles k is , the Soe See onal) Bos atiin 
vector of the. plane Wave. 


propagate with the light velocity, we have 


y= |B Se. (1.6) 
The amplitudes A os) and A+ @),. 
. conjugate complex with each other, are now 
used to discribe the field.* ‘As noticed by Fock, 
-sthese Fourier amplitudes are transformed | as 
-four vectors, and this] uistifies our way of denoting 
them by thick letters. 

The commutation relations between these 


~ amplitudes are then found, which are _ 


144. @, 4 @O1 


2 at ee gud!) 
| aac other commutors = 0. : a. oe 
-Sineo hack: iy! ) isan invariant and since ACh) 


and A*(h) are four-vectors, the commutation , 


“relations (1.7) have invariant forms with res- 


<1) s c% | 2 R . — > i * - 
oA. 7) show that A, (4) and A, *(4) are a set 


~ 


Since the waves . 


which are ¢ 


The relations , 


a Nea dine SS = 
a 


of canonically conjugate variables. 


Now, it is convenient to introduce the repre- 


sentation in which A,(h) and A+(h) are dia- 
_ gonal, 


Although this manner of introducing the 
representation is unsatisfactory from the stand- 


point of the relativity theory because the space 


and time components of .A are unsymmetrically 


treated, this is an easier way of elminating 


the auxiliary condition. 


tion the Y vector represen ting the state 


is represented by a functional of the argument 


Ag) 


8; the operators 


ire oe a 
and A;*(k), j=1,2 and 


functions 


Ag(k) and A;*(k) ‘being 


simply the multiplication of this functional 
by Ap(h) and A;*(k) respectively. ‘The ope- 


rators Ay* (k) and Aj(h), on the other hand, 


are respectively 


see 8 Be 
ferentiation ———— and {~~~ of ¥ 
BA) mew 
Ay(k)—> ACh) X ? j 
. Ay* Ch on eh Ore 
“ 6A)(k) 
=s > aac: = 
APR As (Dx, = Sia 
Ao (1.8) 
; 6A;*(k) 


In terms of the Fourier amplitudes the Lo- 
rentz condition (1.4) is expressed by . 
> 
{ (hk, A(k)) =0 


+> 2G 
(hk A(k)) =0. Cio'9) 


But, as “is well known, these conditions cannot 

_ be regarded as conditions imposed on the ope- 

rators A(&) and At(£) because (1. 9). are not 4 

then compatible with the commutation rela- 
tions (1.7). Thus we should use 


-* The amplitudes Ak) and ‘Ad here are ee times 


larger than those of Fock. 
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In this .representa- 


ue times the functional dif-— 


174 


(k, AG) ¥=0 
(k, ACh) ¥=0 CL, 9’) 
in place of (1.9), regarding the Lorentz con- 
dition as a condition imposed upon ¥. That 
the conditions in (1. 9’) are compatible with 
each other can be proved easily. 

We proceed now to the case where the field 
is interacting with electrons. In the presence 
of electrons, the Schrédinger functional ¥ is 
no longer constant but changes with time, or 
more correctly, changes with the times each 
belonging to one electron. The dependence of 
-@ on the time belonging to the s-th electron 
is determined. by means of the fundamental 


equation of the many-time theory: 


{ca = Grad® — tA a) 


+mog| 8 =0 
8=1,2,3+-+>n a. 10) 


=> 
where a and # are the Dirac matrices and ay 
=1. (s) means that the 
* quantity belongs to the s-th electron, thus + 


The superscript 


“denotes the gosition of the s-th electron in the 

world and e, its charge. The total number of 
the existing electrons must be constant in this 
It is the chara- 
cteristic of the many-time theory that the po- 
tential A(x) in (1.10) satisfies the d’Alembert 
equation (1.3) notwithstanding the presence 
of the electrons. 


theory and is denoted by n. 


In the presence of the eiectrons we must 
modify the Lorentz condition (1.9/) because 
they are not compatible with (1.10). The 
modified conditions are 


{@4®)+£ly=o 
{t4*B) +} 9-0 


where f is defined by 


(1. 11) 


“Satio HAYAKAWA, Yonezi MIYAMOTO and Sin-itiro TOMONAGA 


Z @) 

tame 
and f* is its conjugatex complex quantity. The 
conditions (1.11) restrict the ¥ vector, so that 
not all Y’s satisfying (1.10) represent the ac- 
tual states of the system. ‘Thus, only those 


portions of the Y-space in which the conditions © 


(1. 11) are satisfied has a physical significance, 
the other portion being superfluous. It is, there- 
fore, desirable to eliminate this superfluous ele- 
ment from. the theory, and to construct it- in 
such a form that the conditions (1.11) are 
satisfied from the begining. 

~ For this purpose one first distinguishes the 


longitudinal and the transverse conponents of 


the field. One introduces Ok), BG 9+) 
and B*(k) defined by 


6@ -4@) 

(kA* @)) 
a@ BR SEs TEA 9 (1. 12) 
on ioe ee een ae CkKACK)) b 
Bek) =Ak)—k SA) , 


and uses them in place of A,(key and Aj), 
j=1,2,8, to describe the field. Since one has 


then (BR) BH =0, the vector Ba) is perpen- 
dicular to%. Since, moreover, BR) +h/k-@ Ck) 

>> ; F 
=A(k), the separation of A into B and 


@ corresponds just to separating Z into trans- 
verse and longitudinal components. 


In terms of @,B and 6+, Bt ‘the conditions | 


(1.11) are 


{ioe 14+ ono 


{#0 hy) + Fh y=0.a.1) 


1 
. 
q 
{ 


i 
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[2 we use the representation in A whith 6+) 
and Ao) are diagonal, G.11’) are... 
es ~abe)¥ 
60+ heck —— hek* 
ee = (3 +h)”. (1. 11/’) 
AACE) : 
The conditions Ge di ') result in that ¥ must 
have the form > 
 ~Y=er Q f13) 
with 


Eeeet 


dk 
eC 114) 


where Qisa functional depending, besides on 
‘¢ the coordinates of the electrons, only on the 
_ transverse components of the field. Q can’ be 
therefore regarded as a functional of two in- 
dependent components of B*(k), which will 
- be denoted by Bt(k) and C+ (&). Since ¥ of 
_ the form of (1.18) satisfies (1. 11/’) identical- 
ly, the manifold of the functional 2 corres- 


which one can attribute physical meanings. 
As. has been shown by Fock, one obtains the 
“equation which must be satisfied by 2 by sub- 


e~* from the left. 
sides the coordinates of the electrons, only ope- 


This equation contains, be- 


a i: rators operating upon Bt and Ct. Since ¥, 


x 2 constructed according to (1. 18) satisfies- the - 


a condition (1.11) automatically, we need for 


BS 2 no more the auxiliary condition, and con- 


Ss ‘sequently the theory contains no superfluous 
element more. As is well known, there ap- 

: ‘pears then in, the equation for 2 the static 
- . coulomb interantion between electrons separate- 


ly from the magnetic interaction and from the 
F effect of retardation, which appear as indirect 


ponds just to the portion of the Y space to 


_ stituting (1.18) into (1.10) and multiplying — 


ing simple transformation properties. 


effects caused by the emission and the re-absorp- . 


tion of the virtual transverse photons by the 
electrons. 


Although in this way the undesirable com- 


plication of the theory, first to solve the equ- 
ations which contain the superfluous solutions 
and then select the significant solutions by im- — 


posing the condition (1.11), is removed, this — == 


way is by no means satisfactory from the stand- 
point of the relativity theory, because the se- 


paration of the field into longitudinal and trans- 


verse parts by means of (1.12) is a nonrelae 


tivistic procedure. The result obtained has, as 


the consequence, quite a non-relativitic form, 


- in which the Coulumb interaction on one hand 


and the magnetic interaction and the effect of 


retardation on the other hand appear in a quite 


different manner in the theory. 


§2. Relastivistic Generalization © 
ot the Longitudinal and the 
Transverse Components 
of the Field. 


The method of Fock deseribed in § 1 is, as — 


we have often mentioned, rather unsatisfactory 


from the standpoint of the relativity theory. — 
This is because the quantities 9,9*, Band Bt — 
introduced through (1.12) have no simple 


‘transformation properties in the Lorentz trans- 


formation. It is more convenient to use some 
other linear conbinations of .A’s and A*’s hav- 
It would 


be most satisfactory when we could use sais 


eight invariant combinations of A’s and A*/s — 


as coordinates and momenta describing the 


field. For this purpose we put 
_Kt+=—(Q@—A))k 
1 L* =(@+ —Ay*)k (2.1) 


and regard the quantities K+ and D+ as first 


two momenta discribing the field whose cano- 
“nically conjugate coordinates are denoted by 


ike atry Ty am eoe 


variants obviously because they are the scalar 
i _ products cs : 

ia. Kt==(h,A) 

ee fg ay : (2. 2) 


ay, suggested by the fact that just these linear 
, “combinations appear in the auxiliary condi- 
_ tions (1. 9). : 

Now the canonically conjugate sets of vari- 


“[K@, K+] = (nd, E+8] 
= ah #) 


iz a, A) @:4) 


where a is a four-vector. The Petia nie esl 


properties: 
fT Gn=0, &r)=0, (,r)=1 
af Ch s)=0, (k,s) =0, (s,8)= =1. (2.6) 

Pi. , Then it can be shown that the quantities’ 
is: R=(r,A) - : 
MG S=(s,A) “CD 


e _* Tn (1.5) the symbol + has beer introduced to 
mY _ denote the conjugate complex quautity, but we shall 
aa use hereafter this symbol to de: note the canonically 
conjugate momenta. Sas 


EX and L respectively.* K+ and Lt are in- 


The convenience of using these quantities is — 


Rt=(7,4+) en see Ge ee. 

( Stat a ee “ee a 
can be used as the corresponding momenta. q 
In fact, it can be immediately shown oe ‘the a 


commutation r relations 


ei a =18@, SE 


other commutators=0 ay a. on 
are satisfied. We obtain in this way four sets 


of coordinates and momenta as tabulated below. Pe 
is ; Ya 


- Cordinates 


(r,.A) 
Ss (s,4) 


a 2: 
Tab. 1. Four sets of invariant cordInates ; 
and momenta. 


Sa 


35 pe of these  noarsete sud momenta 


ae a: — a: 
Ji Re ete aye Bes. 

) Ak) = LK) k- K+ ta 
+R) tSOe ee ye 
pees ce : a ad 
+t 8+ Os, G10) 


It is to be noticed that the’ vectors rp re 
$s are meNeay except for se conditions 


aE any of alah may be 
as apg a possible set. bu 


w. 


ally a set, of gonerased ongit 


2 
4 


: the components derer ‘bed = R,S,R+, and st 
‘represent a set of generalised transerse waves. 


4 Since there are infinitely many ane of specify- 


generalized longitudinal waves, but this arbit- 
-rariness is unavoidable when we will define the 
longitudinal waves without referring to any 
Lorentz frame. That the transverse compo- 
nents R and § can not be defined uniquely is, 
on the other hand, a quite familiar fact. Also 
in the ordinary definition of the transverse 
% wave, one has many degrees of freedom, since 
one can choose any two mutually perpendicular 


directions prependicular to the direction of 


_ wave under consideration. 

We shall next show that the ae acas 
nition of the longitudinal and the transverse 
components is contained in ours as a special 
‘ease. Take the Flor ns special patos of I, 


por aw 


= 
r=(0,91) 
> Se 
s= (0,72), (2.11) 
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ing 1, we have no unique definition of the | 
C1. 9), are reduceed to 


‘It is also obvious that R, S, R+ ‘and S* corres- 
propagation as those of polarization of the 


to the new one having the orthogonal vec-  — 


= ae 5 ee 
to each other and to k. That these Lr and s PES 
satisty (2.5) and (2.6) can be ae a 


‘shown. We have then 
_ &A kA 
2p oF 2hg2 
. Ch At) ot 
SRROCTS BEE Oar TA ae (2. 12) 


which, on account of the Lorentz condition 


EA bay 
K-42 ma E=-E2, 


which, after being multiplied by “%, are just 
eqnivalent to @ and @+ introduced in (1.12). 


pond to B,C, B+ and Ct respectively. 

We shall now proceed to see the physical 
meaning of the generalized longitudinal and a 
transverse waves with some specified values of | 
Lr and s. For this purpose we transform the 


coordinate system from the (ct, %,y,2) -system 


tors ~ on +k'Lr,s, and spr th as the ct!= 


x!-,y'- ‘and 2/- axis respectively. Thereby the a3 
constant &’ may be chosen arbitrarily. We 
shall call this dashed system ‘‘ J"-system.’”? The 

matrix representing this Lorentz transformation in 


. — a? = ~ . ‘. ‘ e e : 
mh: and 72 being two unit vectors perpendicular — is given by ys 
: ot! “a ait ye zi. ra 
i = 4h, ger tes ai +kh'ly — oa +k'l, 
i s Py 
: o atee oy mee Ty Meats 
? Boe Nome > : 
a at ; y So i S, Sy ; S. 
| lees k - Tizg hey k. 
2] sr +t ay a Sis ay +k'l, (2.18) 
a Th this i oyster: the vectors iv and s have . r=(0, 1, 0, 0) . 
ae t al ee, 
4a the components: s=(0, 0, 1, 0). @. 4) ; 


k= (Kk! 0, 0, oe 


As is obvious from (2. 18), the I"-system is 


moving with the four-velocity »: 
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o=— ir thi (2. 15) 


relative to the (ct, 7,4,2,) -system. The velo- 
ee : 

city cu of the I” system in the ordinary sense 
is then given by 


— => 
= _ —k/2k'+k'l 
= =h/2k +k’ 


which is related with » by means of 


(2. 15) 


: > 
u 
= ————— = (2a? 
i (aS ii ) ¢ ) 
From (2.15) we obtain immediatery 
_ k+2v(k,v) 
= hw? (2. 16) 


or separating the time and the space compo- 
nents 


Same 
j, = P=) — 2th — eu) ¥ 
oe >> 
2fTe— Cheu)}? 
Sku) —2utk—Geu) 
gee EY erie! 
2{k—(ku)}? 


Further, if one multiplies (2.15) by k& and 
uses (2.5), one obtains 
k! = (kv) 


(2.17) 


From this last relation, or directly from (2. 14), 
it is seen that k/ is the frequency of the wave: 
observed “in the J” -system. Further, from 
(2.15) and (2.16) we have relations 
(r,v) = (8,v) =0 (2. 18) 
It is now obvious from (2.14) that in this 
I’ -system the propagation vector has a non- 
vanishing conponent only in the 2’ -dir-ciion. 
This means that the I" -system is a system 
~ whose 2’ -axis is taken in the direction of pro- 
pagation of the wave. Further, the vector 1 
has, in this system, the standard form of (2. 11). 
This means that the generalized longitudinal 
wave with the specified 1 is nothing but the 


longitudinal wave in the ordinary sense in this 
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’ 


T’ -system. The sets of coordinates and mo-— 


menta K,K+ and L,L+ describe thus the longi- 


tudinal waves in this [" -system. That the’ 


sets of coodinates and momenta R,R* and §, 
S+ describe the ordinary transverse waves in 
the I” -system is also obvious by the fact that 


the vectors r and s have their non-vanishing com-. 


ponents. only. in the 2/- and the y/- direction” 


respectively. 
Since 1 may be chosen arbitrarily except 


for the condition (2.5), 1 may be different 


for the different Fourier component of the 


field. Thus the T’-system can be different for 


the different Fourier component. Accordingly, 
the velocity uw may be an arbitrary function of 
the propagation vector k. However, since such 
a general choice of the J’-system seems to be of 
little use, we consider that velocity of the 
-system is independent of k. 

It is to be noticed that, althogh our generaliz- 
ed transverse waves differ in general coordi- 
nate systems from the transverse waves in the 
ordinary sense, our generalized transverse waves 
are still transverse in the sense that the compo- 


nents-of the electric and the magnetic vectors ~ 


represented by our generalized transverse wave 
are perpendicular to the direction of propa- 
gation of the wave. 


culating the curl of {Rr+ Ssyol*) 


+ {Rtr+ 
—i(k,x) . at 


Stsye 
B,,&) =1{RGk—nh) 
: +S(h—sk ye *) +conj., 
H,.&) =i{R [rk] 
+8[s,ki}e + conj. 


Putting here 
yak — 9h 
> US 
7=sh —sok, 


(Vol. 2° 


sg pa ie ena neater ay ee a ee 


This can be seen by cal- — 


(el taA Ses tee eich, thee 


ee ee ee 
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—_ 


"three-dimensional polarization vectors, are in 


S tact perpendicular to a as well as 6 each nother. es 


oe 3. _ Elimination of the Auxiliary Condition. 3 Met S 


We ee now prcoeed i to the. elimination of the Saatary Ue 


It is convenient to intro- 
Fhe arguments of 
er fanotionl are - then these K, L, R, uid S. The Lokentz Belge le a. ) E 


a8 Ve pee ae Sot es 
es heck — 8 fe mn = oS 3 


2 BL. 2 


ws 
eae ma Sat 


he saeeaety : ; Saree Se fe 
Xx “contains: no 0 longer K and LZ, It is to be noticed that this x is an invariant whereas in 


Ohi z Gr 


that wi Grad — = sabes has ee e&* (h/t Grad® —*2 


contains no 0 longer K, L, K+ and 3 op Thus 2 satisfies the equations 


| f(a, Ki Grad — 2-4" aed 0, 


ay) 


$= 1,2,5,22 4°70". 
Ww. one ‘the longitudinal components of the field are eliminated. ety Be 
sree ealeulation for this problem is as follows? eR Cg 3 


i 


Sie cn de 


cf fae ene "cea tobe Fm ), 


ee f r ee) 


iN 


where B(x) is defined by . 


. Substituting 2 of (2. 16’) into (8. 10), we obtain . es 
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i(k, x 


nae 
‘i \- cpdive eee emaeae 


k ’ 
we cbtain 


~ ihe) ple?) de 


é, if &, (s) 
S-aceyoune| A ahaa { Ke ek, 


sake 
e, etd = oy Tae Meee) —Uk,x?-) pte lo. 3.8 


If we add (3.5) to (8.8), the first term in_(8.8) canecls the second one in (3; 5), 80 that: ~ 


- 
we obtain 


(4-Graae sae Aceé)) v=e (area es Boar) 


€ c 


. G(x0)) 2, | (3. 9) 


where G(x) is the operator containing only the coordinates of the electrons and no field quan= 


tites. It is given by 


CG) =Sek (2-2) 


ae 1 (-ilka) , —ilea)* dhe 
with Li=ser { € +e i. (3. 10) 
The function L(x) satisfies the equation 
Div L(x) =D(x), (8. 11) 
whereas B(x) in (38.9) satisfies 
~ Div B(x) =0. (3. 12) 


It is obvious that the potential B represents the generalized transverse component of the field. 
On multiplying the equation (3.9) by e-* from the left. we obtain the equations for 2 


{ ( a® Grea — “2 B(x) a 6(a®) ) +mcp© Q=0; (8. 18) 


_ These are the required equations for 2, in which the longitudinal components of the field are: 


eliminated, but, on the other hand, it contains the term G(x“), which represents the effect of 


other ele trons on the s-th electoron. This term coutains only the coordinates of the elegtrons, 
_ 80 that in (8.18) some part of the interaction between electrens appears as if it were an action 
at a distance. In the ordinary theory this action has the form of the static coulomb interaction. 


It is expected that G(x) in our theory will have the form of the Liénard-Wiechert potential 


obtained by means of the Lorentz transformation from the coulomb potential in the I’-system 
(provided that the velocity of the, I’-system is independent of k).. This can be shown by the: 


direct calculation as follows: 


C0) = —Se LH 8) = Te, {LyHO— 20) FLO 2} (B14) 


~ 


y , 
NE Nia AI. Ni FEL ABATE a: of A een 


a 


wae tion in h Q antum Bectr-dynamies fe 


iter = zi, - i(ekt — 


he 
, 


hae (8. 15") 


i : 8 ee at : ee ~ (ay __,wileke tz) - 
Buia 2tk— Chuy}2 


(eSieasizent 


{k—(ku)}/ J1-2 


ed doing this ua carry out the Lorentz transformation 


oe. ek pa he Uke. el k—(hu) — 
aay fe! Vin ‘ by! =hy, p Sie = eee ee 


that the z-axis has been Henkeon in the direotion of ee On account of the fact % 


/ 


ae 


Teulate (GH 17) we Sailednec the o pola coorinates a, 8 oY) of B. Then we have 
oe odd 2 cos (lh! — hy! cos 34) 


ee ae the integr: ation with mene tog aad Bi, ‘this redo & 
’ G03 08d) 
; cee be Sr", 
oe £0% 1! >'|ct’ |. 
? ee I 
Pa: Amu 
“VT @= ee ie ele 
- RY A ae en ibe TiO r>elt|. 
a Ong oe, ‘out the Forent yeamsformaiion 3. 16) and (3. 10", , snd 


for r>e|t| 


‘ 
ee 


: a coordinates of Re we ‘obtain. 7 


nn 6db-- sin k! ose a 
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= 7 fem 6 d@ sign(et' —r’ cos 0) 


nm? tt : 
= fag sign (et’—r’é), 
which yields 
27? 


—. ‘( = — for ot! Sr! = 
3 y a 
z Zt! 
is for 7r’>e|t’| 

ar | 

: — a for —r/>et’. (8. 20) 
We obtain thus ; 
s : cl—ux 
ies 1 — 277? CC for 7>e t 
oe Lj) = ene V/ (@—uct)?+ (1 —u?) (y?+27) 4] 
0 for r<e|t]. (8. 21) 
Substituting E, and EL, obtained in this way into (3.14), we find that the required potential 


Ga) is 
© 1) — (© — 2 e/tuar 
G(x) = gfe ena OD at) at bags ° Bit Seine 


~ 


with ab re) =, /T(a@®) —eu(t® —1)} 24 qd— —u*) {(y© —y) 2+ (2© —2)3} c Cé. 22) 
wlier the summation x is taken over all particles lying in space-like distances from the par- 


<S ticle s. 


- 
3 
F 
} 
: 
3 
4 
5 
{ 
; 
4 
. 4 


When the z-axis does not coincide with the direction of %, the potential €(%) with its space 
and time components being separated, is given by ' 


I 
G, (a, 2o=2|4- dete te) ea 1 


r 
ss _ eked as > > SO 
ee Ga. )=3| d _ _fet—(@,u)}[ {(,uy) et} to + C1 —u?) {a— Gt) 
y . se OIE Le id 
a? poe . Vig { (atl, — wet}? a 7 (e~ G, stig), }2 3.28) 
3 a provided that the point q; i) lies in the Be 
like region with respect to the origin, up ‘heel | 
=) . —>_ ‘ 
z) ing the unit vector in the direction of wu. If 
ad oe the point (ta) lies ‘in the time-like region, Go 
. ; ‘ Par 
: 4 5 and @ vanish identically, = ~~ 
: Fig... if pes electron, 2s In order to see the. physical meaning of GA ; 
w + electron moving with yelocity uw. we imagine 
= Sieueaeee | gine a virtual electron $ moving with 
x SS : the velocity u and a Sivtual electron W which} 
; ws | 


is at rest. For the sake of ‘simplicity, we an) 


the errection of « Let the retarded point ol S be S, and let % 


(3. 24) = 
Then xo is the vector which connects: the = 


Then from. x 28) we have. = 
: ver —w) Gre) , : 
=—/i—-u 1—u# (v, x9). G. 25) 


If. we use the relation -25),.33 22) can be written, in “ 
‘the form: 


oe oe ihn 


(8) _ ag) 
6@O)= strom so 


= Les a 


SSeS aS 
_ Ww (, Xo ae 


sewers 


The physical meaning of each term in the second sums 


° = of ee 26) is oe known. @) It is the Lignard 
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: ; 1. Introduction ‘ yature they begin to condense on ‘account 
- " Supraconduetivity which ~ appears: in some some interaction and ce te ape appea 
- _ metals and alloys at extremely low temperatur- 


_ es is considered from the beginning to have its 


Ss auction electrons in metals. ou authors)” 
: attraction Sorasal: ¢: 5: 


aoe, 1— sg = Pp: i a ie 
pity = $s vs) s= pa? oe Ree’ 
‘where gY and vy are some constants, pu is the 
value of p at i absolute zero, | TS 


bs For the ap- 
a =") “pearance of the soneacchisa winks however, this 
i is quite secon peuent. It would be necessary ot the wane system, 80 ) we have 
~~ ag consider some intense interaction between ent! i -( oi Put : on Sa 
M electrons and ion lattices and to give up to. nt Pac: xP 1 r 
a ‘the one electron approximation, But if, NR ~@-9601-w0 rp fe 
we would imagine something like the electron . te 
liquid after Welker, (2) we could not treat it tite x( 3 I W 
“exactly, So we here consider very simply as~ oe ps “se 
_ follows without entering in the details. 


2. Model and Calculations 


In metals which become supraconducting, hs ESN +rp=N, . 
ce are IV conduction electrons per unit vo- | where | we count ‘the | on u 
ee and they form the degenerate Fermi gas” regarding - Be individualit 
~ in the normal state. On lowering the tempe- but ace that, o 


? 
2 


mn t : Entropy x the ‘Supracontuctn : ms 


? 


a nee a whole, 


om. and ‘the translational motion as a whole 


= 


of a group of 7 partic: es. We take approxi- 
mately ely = 1s This implies that in condens- 
ed states the interactions are so strong that 
‘statistically there exist; only one wave func- 
tion of the group as & whole. and its internal 


a degrees of freedom do not enter in the pro- ° 


es plem. “Tts” translational motion is ; quantised 
Es by the periodic nature of the ionic lattice and 
distances of its levels are large compared with 
_ the thermal: energy of Fermi gas at low tem- 
a _ perature, 80 “we can consider it to be in its 
4 , lowest level apporoximately. 

“Under the condition of the _ equation (2, tt the 


first ‘yariation. of Y with, respect to variations 
4 Op, aM) ‘should pe zero. From this we obtain 
the aleeraiice dependence of p and NN, . 

a _ Treating as usual, we obtain apporoximate- — 
bs; jar ae Bate t 

3 ee (pu—p)! , 
== $s(1—vs))rps/k 7} » - 
- ciate Ay !—log me | log dn Zen! ! 


ee ex M, (Ey Mex, 1 


“v= kIT Epis p—log(pu—P) 
 +r@- - (239 — BygEP))} 
RN, flog: Ny ae =74N 3") 


as ae a ©) 


BC 42) 

a, 
«p= pafesita+1@- 2p ope) 
am C5): 


oie. , foxpro [eT}+3 (6) 


where a=—C/kT. g is the tice bdpuaicioet 


potential per electron. By the equation 


‘The second packet a fee 


the value of € at one temperature is determin- : 
ed and from it thermal properties of the “sys-. 


artion funetion of the internal degrees of fre- = 
adele s Erne = tem are deduced. As usual 


-» where 


and m is the mass of the electrons. 


-ways valid for the temperature under conside- 
ration, namely 7pm is very small compared =x 


with WV. Expanding the inte we eet from 


ro \% 2 2T2\ ae 
Se ahh ues 2 (-} Sia ee ) ; a ie 
(se) ( oe: Ho" te See oe >; ae 
+rp=N. oe Cana 

From this : ; Rehberet:. | 
Foon Hag Lae one ios 
€ EO Lo gee i m8 ee 8 ot ma 


: -g=1 exp| — 4p (€—d+ ps a 


+1, Sane , oo yy 
‘The first term of (8) is the thermnsdy neni 
potential of the ordinary Fermi gas. ; Beane 


ranging (9) 
2 tan Eee 


mee 


From (10) or (9) the temperature dependence 


2, +rp=N ree 


2a ae ee kT DE fet, Hie es = = i: 


+1dz, : 
eT 8 ae acer 2 ma 
Lo= 8m ane) 3 Ss 5 s cok 


assume that the condition CET is al- a eee: 


\ 


apadl 


spate, arb te aoe 


Pee Carey) 


#3) 


aN 


os 


si oS) Pe on 
eee 


Po ie See (10) 


fy 
rn. 
> 


2+), Ce 
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of s is determined, so we put it into (8). For 


the entropy S and specific heat Cp we obtain 
& \_ 2 wT 
mean OL ee 


Ho 
+ py the. 2 (11) 
p= 1 #6) = Ea ve 
+0 epee (12) 


The first terms of these equations are that of 
Fermi gas. 


3. Comparison with experiments 
By the thermodynamical theory of Gorter) 
and Casimir) which is in good agreement 
with experiments, we can determine experi- 
mentally the electronic entropy of supraconduc- 
tors, measuring the magnetic threshold value. 
In Fig. 1 the full line shows experimental 


values on mercury after Daunt and Mendels- 


xie Meng/electron degree ; 
AS ° 


- Fig. 1. (a) 


40x16" erg/elec tron: 


‘+00 


. 
Se ee 


is very small compared with JV and does not 


sohn.() From our formulae we calculated the 
dotted lines taking various constants as follows, 
y=6563.6 ypw=193x10"% 
d= fo —9.96 X 10-* erg/electron 
g=11.9x10-” 6 y=0.43 — 
(uo = 0.883 x 10- erg and V=8.44x 10" from : 
the specific heat in the normal state.) 


In Fig. 2 the s—T7 curve with these con- 


ee ee 


ee andre 


stants is shown. Although our theory cannot 
explain the sharp knick in the curves, theo- 
retical curves express the general feature of 
the experimental ones. 

From the avove value of 7, we can imagine ~ 
the domain of cubes of ten atomic distances, as- 


suming 2 conduction eloctrons per atom. 7 pir 


contradict with the former assumption. ¢ and 
6 are of the order of Bohr magneton, this can 
be interpreted as the magnetic interaction 
energy between electrons (not spin-spin) which — 
is neglected in the present election theory of 
metals. And also this fact will be convenient 


to consider the mechanism of condensation. 


5. Conclusion 
As indicated above, our simple model can at 


least qualitatively explain the experimental en- 
tropy curves for zero magnetic fields. Detailed 
treatment of the mechanism of condensation is 


of the External Photoe'e ectrie Effect in n Semiconductors. a 


: : 1) = Fe - ’ = = 
: : 5 * is 2 2 

t : 
atter as the fature, tak it will ee Literatures. ee hus cee Be 


easonable to consider: that, magnetic inter-~ 
e 

i ac ons play important parts in this propiem. 
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“Theory of the Eeternal Pisicelacnis Effect in Sernicoadaten = 
Part I. BaO-—, SrO-, and Cu,O—Semiconductors | 
-_.. Behaviours of the Photosensitivity near 
. . _ Threshold. 


By Toshinosuke MUTO and Jiro YAMASHITA 


Institute of Science and Technology, Tokyo University. 


“The “external photoelectric offect in~ semi- 


conductors has drawn much attenition in con- 


"cesses in the oxide cathodes which have been 
_ extensively available, as thermionic’ emitter of 
Al- 
though many investigators have studigd .CX-- 


high efficiency, in the field of electronics. 


: perimentally the thermionic properties and the 


: 7 


electrical | conductivity of the oxide cathodes 


a » together with the theoretical discussion of their 


rr 


q ‘results by the aid of Wilson’s ties of semi- 


_ conductors, not a detailed information concern- 


ing the ‘photoelectric characteristics is as yet 
available both experimentally and theoretically. 


= In view of the mentioned situation, therefore, 


‘it is highly desivable. to work out theoretically 


the external photoelectric effect in Bemiconduct- 


ors in order to make clear the rather different 


_ characteristics of the photosensitivity .of semi- 


conductors compared with those of pure metals. _ 


cays faxes pices: July, 1, 1947) 2 : : : 


‘thod of determination of photoelectric work z 
- nection with the elucidation of the atomic pro- 


~ alkaline earth atoms for BaO and §Sr0, and 2 


In order to establish theoretically ‘the me 


function: from the photosensitivity * curve, “we 
have worked in. detail the photosensitivity near x 
the threshold for the photoelectrons originat- 


ing from the impurity atoms involved (excess sg 


“excess oxygen atoms. for Cu,O), the result of = 
which are : pea 
P=en(Ne,2)0-—G sr ete es 


nl EE (Et OShp AED, CLs 


_ . (m*)3/2A 
~ of 2 mmhine’ 


» e=electronic charge, 


+ 


m*= effective mass of 


conduction electron, e=light velocity, m= = Se 
true mass of an electron, =index of ref- ae os 
raction of the-crystal, hy=incident light . 
quantum, A=Planck’s constant divided by 


2r, A=quantity related with the transi- 


‘ 


Pes eS 


= tion matrix clement, ZE=energy difference D 2 7 2 ineic 
between the bottom of conduction band 


and the impurity level. 


© 4 J : 
_ E%,=energy of the bottom of conduction — of the photooleetic effect i in 1 semicondustors s by. 


‘band. C=ratio of the matrix elements< the aid of ‘the linear extrapolation. method. . 
inc, Boca From (1), it follows, for the mentioned. thre- 
shold value, . Des 4 
Tgp=—Ej+4E. A oe aya 
Since nC. #;T) is nearly independent of T 4 
except for the extremely high temperature, the 
mentioned photosensitivity. in Q will have 
ee detailed behaviours of (1) are deseribed less sensitive behaviours for the temperate 
apically in- SLs 4, ee to the - Of the crystal. | ‘4 Neck aoe Pia OT a 
Photosensitivity_ due to a rea atl: number 
conduction: eléetrons will be computed i in. 
similar way to the former ease, oe careful 
examination, however, shows that the concen 
ed matrix elements of photooléctrons. are ox- | 
- tremely small compared. with that of the fom 
er due to the impurity atoms involved, on 2 
count of which © the: mentioned _photoeurren 
; plays a role-in the extremely long wave lengt 
ie region where the former ‘contribution app Es 


eo =~ 


ches -zero. a calculation fee th 
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er ay tS eee is 
=o sk Soe Bee os 
er PER OT VS Ue NER IRS LOD PAL te 
i ssi Nits BEES ie hy feu) en 
: ; 3 +> ‘ 7 cad . ‘ . ; r : ’ 
3 s ; ‘Fig. f arb ey < aires 
“ Photosensitivity of ae Mixed Paw «Total Photosensitivity — 
ce Se, _ Photoelee tric Effect. = : near Threshold. 
x A a . is . - 
Fue ‘to , the conduction ieetrons becomes : _ the formula for the transition’ picbabitity, 
| P=constant- Beasts pet ks (3) ~ tor the: mentioned double absorption “process,” 


sharp contrast to as 


eos y worked: out by meer of ‘ne authors, it follows, 7 
a AS clearly seen. in the experimental obser- alter some ‘process of computations, 
on, the | tail part of the photosensitivity. mtg oi 
kes its appearance in the long wave length | | \ SN 
side. ‘of the threshold, the characteristics of is 
which is to show a remarkable increase with ‘2 = | are 
“temperature. A careful consideration of "thei: : : 
ee tail part sow that the a mixed iyi. dev, re 
WN \ zi 
4 | Suifice 3 . ee 
ee a ee 
: Energy Band Structure | 1 A oo 
AGP ricondugicr. ae oes: 
eee) . 


Sets a2 4n (1 ied A nely long wav 
cs, Pe ee we ae © ugk 4 (hv) side of the ‘threshold appears: to be ; 


clarified. a $2 
ES [meee ies 4b = “ar 
ef] By the linear extrapolation cette ean 


ae ma hV/kE ; a 
ed above, we have » peers the » photostet 
Xt Cw hy dE TENT ae, 


SFR (mt) 3/2 9 RA, ; 


47°m'*Men 


se eg 
: which value has eae made use of to obtain 
the energy band structure of CusO together : 


with the Be elon result of the electrical, 


and Kurchatov, and Engelhard. @) ete 

A full account of this short “note shall 4 
published in the joumal when. the unfavourable 
condition of paper-shortage will e liminated | 


in future. 
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Ini order to obtain the influence on the photo- 
“ae 
peettivity of the electronic states within the 


ius). 
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impurity atoms is essentially required. In . +n sin? {0 e eRe 
view of the unfortunate situation of the exact - v 


- information of electronic’ eigenfunction being : 6 Ga Te 2: “he 
ay : fe 


- (82)3r upezhm* 
: however, we shall tentatively: assume for the « o,-Or i Gans 


: eigenfunction of trapped electrons to be of an ‘A oe ; 
: : k =1 jp (yA) > ; 
$ eigenfunction of atomic type, taking into | paar ey 


a 
ae pe valence electrons” of Ba and Sr y= 0, | @=No. of REL: involved. 


now lacking in the mentioned oxide- cathode, 


where @ denotes the inclination of, the polari- ] 
- gation vector of an incident radiation with res-_ 4 
_ pect to the boundary surface of the -orystal. 4 ; 
' #Ag seen in (2), P not oe, has sharp thre- 
shold value in the relatively long wave Tenge : 
‘side but also _approaches zero in the short wave } 
length. region,, being Pa (hy) 82, Further-_ 
“more, P tends to zero for extremely - large 
or small values of ay (Paa.~? or a). The — 3 
_ general behaviours of. GQ) shall be represented _ 

: ; graphically in ‘the aceompanying figure corres- = 3 
the erehiitned valerice electrons, Gh the ponding to some of the assigned values of oy Si 
as ext whieh results will be found clearly” to be in 

the mentioned electronic arae _As seen satisfactory accord, Lys experimental obser 


led 0 ions en the See aed aaa 
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— in the sear by the use of Q), 
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Néandition of Voorn wil eas f 
i in future, : 
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As clearly ) pointed out experimentally by 


Asmus, the external photoelectric effect in 


of visible light appears to show the remarkable 


different variation with time of the photocur- 


rent in comparison with that of the ordinary 
one treated in Part I,@) although the ‘detailed 


observation of the photosensitivty of’ the form- 


er is still lacking unfortunately. According to 
- Asnus, 3) the mentioned photocurrent observed 
with the visible light is known experimentally 
to make its appearance: only for he. coloured 
alkali halides but not for the colourless ones, 
; and, further, its time variations associated with- 
- or without. the change of colours of illuminat- 


ing light are found to be taken place in a 


; céhee i in erystalphosphors. 
>’ the detailed behaviours of photocurrent, | As- 


: ‘iinet has suggested reasonably the following ~ 


Taking into account 


_ emission: . i “s 
On account of - the arasident: light quantum 
being absorbed chin the F-centers involved, 
the F*-centers may be produced afresh in the 


ce, erystal from which centers the photoelectrons 


are considered to originate under visible light 


S-Naminabion ‘since the incident light quantum | 


trapped. electrons within the F-centers to go / 


4 “away from the crystal according to Tartakow- 


sky’s5) energy diagram of alkali halide. Thus, 
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coloured alkali halides. under the illumination ‘ 


Go 
temper atur es. 


quite similar way to that of the phosphores- ; 


B: mechanisms to be takers Pace dung the photo- | 


nation of ther coloured alkali halides. 


in the visible region is not sufficient for the 


the relatively long life-time of F-*centers is 


“Institute of Setence and Technology, Tokyo Imperial a sat 


essentially responsible for the time-effect. of the ; 
mentioned pbotocurrent similarly to Leiani a 
From the ob-— th 
served variation with time of the photocurrent 


centers in the crystalphosphors. 


. just after the interruption of the incident na 


ation, Asmus(6) has estimated for the life time . 


of F*centers to be of 10°—108 sec at room 


Through the extensive experi- 
mental studies of alkali halides with or with= 


out F-centers mainly due ‘to Pohl) and his nee 


school in Gottingen, the physical properties of 


the mentioned crystals may be. considered to 2 


be brought into much light: recently and, for- 


thermore, -the electronic structures of alkali 
halides have been worked out theoretically ® by” 
many investigators, from the modern view "OES 
the solid state, in a close connection. with the. tt 
“ji ght absorption and the photocurrent produced z 
- within the mentioned crystals. ” * 
In view of the now available iitormations of 
alkali halides mentioned above, the following 
process of electronic transitions may be. reaso- 
: nably supposed to be realized in the photo- 


‘electric emission during the visible light illumi- 


The vi- 


sible light is absorbed in the F-centers of alkali 

halides on, account of which the trapped elect-_ 
rons at Esp are able to jump up into the lower A 
part of the conduction band of the crystal di- — 
rectly or ‘indirectly through the intermediate: 


states EP» of the F-centers. 


According to the 
theory of the temperature-dependency of the 


photoconduction: by Mott; however, the therm- 


TS 


ae 


al agitation of the lattice may be deinidared 

z Conduction 
in remove the excited electrons within “F-cen- Band 
“ters before it has time to fall back into the eee 


: posal, state. The oe electrons - in the 


b ‘The mentioned erie there- a . : rs ‘optical transition . 
may be considered to be realized mene ee Bao évansitian $ 


1. 


vg 


pao 


ers tions in a quite teas way. to 
te deport the intemal I photovondet=_ phosphorescence i oor ny stal en 


“the He wy) Fac “then, we. 
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all the other. ‘notations described above aes 


the same meanings as in Part uit 


in Part 5 _ giving the photoelectric threshold 
‘ as usual. The damping constants. in (2)-(6) 
ean not be evaluated without a detailed know- 
‘ledge of the. eigenfunctions of crystal electrons 


in the” “conduction band. and also in 1 the F-and 


; ‘dent photo ¢ pene hy faa the crystal tempe- 
_ratutre t. ae the ‘mentioned ce 


Lug: 


xf int fdeiag 
3 : e = in=a cn fant Cage Un(r) ite 


=o ere § einai each of the ¥-centres. 
ne P) = number of trapped electrons within F-centers at temperatuac Pes electronic 6 
= lattice constant, N= =number of ineident ‘photons, 


-=energy donaity of incident light, m= = electronic mass, yp? s= (EP »— EP pp fh etc. 


T We inte- 
- grals in ©) are entirely equivalent to those in 


- the: photoelectric transition probability worked = of the phenomena under tena 


- per imental informations will be accumu 


ee the’ Hight 3 illumination anil then Silene 


: a . 26 (1936 7 % 
3 after passing through a maxiroum, rapidly Ors Si Asmus: Ann. d. Phys. 26 (1936) 23. 


aaeaity ie ay to the eee oe 


pe 


oS Bae oF, 


ake. 


M = reduced mass of ion. pairs,” 


to be rather premature at ‘present, We, 


oe shall nope the detailed theoretie 


the near future. ae Lean 


cal Romety of Japan held on 2nd, May, 1936. 
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oe I. Introduction. 


__-_——s'In the former propers(!) the wrighter has 
_treated the problem of deformation of the earth’s 
_ ‘surface when a disturbance travels on it with a 
_ : uniform velocity on the assumption that the 
e * disturbance exerts only pressure which is uniformly 
distributed over a circular area of the surface. 
In the present paper the writer will calculate the 


resistance which is experienced by the disturbing 


= body due to the dissipation of energy. 

oy 

23 Il. Calculations. 

% ~The work done per unit time through a surface 
so: : 

of — S is given by the formula 

or. 

ag F) f) Aas 0 

ig .o i= \\ (x5 8Ds+ Yar RDy + Zy 57 RD, ) dS, 
ae 

_.. where the integration is extended over the whole 
4 surface under consideration. The resistance ex- 
J 


 perienced by the body is defined by 


oe 


R= ify. 


In the present case 
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0 —% : 
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Ss ea arn | 


R= 0. 
(ii) c<v. 
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- ‘a | * cos of (¢) ere cos (FO) dg —niR(@,) Seas 
ee \" ao J Jusayder {ar ; 
= { leader [cos sfonde 


x i’ aor [i orseo—nay ; 


The remaining. problem is to caleulate, ay!!! 


cates 5 The. integral or the integrals 
een a, ie =aP |" 7) £08 2m —1) dd 


ae me Peres Pak aie : o = of s ts (o *t £(@) cos (2m 9s 


appeared already in the preceding payer 3) The: 


eee # eivscos, f+ atu co (y+ 0)}. second integral in the last expression can be | eva 
Pt ae A Bae luated in the same way as in the article Vv or va 
ead me “005 46R. f (6) aie in the former paper. * 
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St Applications. | 


ie “Seif. ~energy of an electr On. 


re Our method is now applied to the - calculation 
0 the self-energy of an electron. It is an advan- 
i ageous: feature of our method that, by taking v 
equal to. the. four-velocity of the electron itself, 
> classical (contracted coulomb + magnetic) ° and 
the quantum (fluctuation). self-energies appear se- 


" adop ted. (4) 
S From a. 110) and (8. 9) we find the: eee 
equation for one electron: 


rem 


nee r means s the four-vector 


126 a. es 42) 


Beater... Nee CaS 


The equations for % ty he ae are then © 
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_ finitions of 8 and ZL in (4.1) are referred to the 


ly, so. that we can give a clearer interpreta- 
tion of the ‘result than by: the method usually 


Cet 4 Grad ciety )+me]@ = = 0 (4.1) 


expression the terms Containing the operators: 


= Br The right-hand side of (4. 8) can. mee > further 
ante in the form 


ae = a awe, bi. (4.6), 
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As mentioned above, it is supposed. that the de- = 


four-velocity o- “which is equal to the velocity to) ss 
the electron itself. We have thus to ou soe 


me 


in (2.15/’) 


now 


pects i= 1 
1 (2282 -¢ / 


Y, “ Grad) Sone 
a B fe 


Se fir (T,r)+S+(", s)}e-tk, x): a Xe 


In the integrand on the right-hand side. of th “ie 


1 + (I, pp —hk) — me- 
oe ¢ ) (p,—hk)?+mic? 
; “die es 
LEC ASHE Dei a ee 


whieh on React of (p,k) = 0 and (, Pie 
—mic?, yields 


eee. GCapht)- —me. 


"ena cl 2p, hk) 
gee: 
X {RH )+S%(r, Seiten) Hx,, (4.10) 


We bring this %, into the equation (4.6) for — es: 
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tice now, that the vectors r and s are 
nal to the vector v on account of (2.18), so 
ti ey are orthogonal to p,. Further they are. 
onal. to k. ‘These facts result in that (Yr, s) 


s) are anticommutable with (Y, p)—hk), so 
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60 ¢} (pay) I te 
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go 


zs and, the ‘pplication of 


ghee BS Pie: 


‘The expression (4.16) contains 2, fait this dep 
ence on v is merely apparent. We can make s 


of this by noticing that the integral: on ‘the ri 


hand— side of (4.16) is invariant. because i(k ») 


and dle/k are both invariant. The integral may, 3 
therefore, be evaluated referring to the coordina eo 
system in which ov has the component G 0, 0, es 


_ thus giving rise to 


{(T, £)— rs “Ch D: rs Roamer al ler} 
‘ 
The iterated equation (4. 14) becornes then 


AG ee Grad ) ae 


—m| = AF). 


As we can easily verify, the iterated “ess on 
of the same —* is obtained if we's start from the ¢ 
Bs! 4 xe 


| AER sateen 


See A jSye-o 


‘and solve this parc by potting 


tion, the apparent. ‘increase of its” ma 
pe 


i 
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« * ; te | 
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quantum effect due to the a 
verse Photon. fps ort Pa Ei 


(4.22) 


os aie 


eatin Ce egrn Sane ie 


It is to De: noticed, that, if one calculated the 
> 


integrals _ ve in (4,15) and (+ (ee) eet in (4.16) 


: straightforward by introducing the polar coordina- 
4 tes_ of ke (the direction of % being taken as the 
polar axis), one would obtain 


rates 3 da (ledh . 


< Z (4.24) 
o ae ak: 


V1 1—~ wr. 
Cees log 1, \ ah 


- The second integral of (4.24) depends:on’ the velo- 


city of the electron in disagreement with our 
The result (4.24) does not then 
give the correct dependence of the self-energy on 


_ statement above. 


_ the velocity, but gives rise to 


=U? Aer : 
— 7 a 5 
4 qe 1+u_ Vat 22) 


% as has been already found by Waller. But this 
ie way of the calculation, in which one uses the polar 
. éoordinates of ke, presupposes that. the spherical 


symmetry of the k-space; which, owing to the 


Lorentz contraction, is not valid when the electron 


Bi is moving. _ One could obtain also other velocity 


4 Pepencenes: ‘of these integrals if one evaluates’ the 
- integrals ‘by using other integration variables. 


_ Properly ‘speaking, we can attribute no velocity - 


dependence to the inteerals in (4.24) because they 


“have no eonvergent values at all.* In such a 


hy 


"situation our method provides us the way of ob- 
- taining the significant velocity dependence of these. 


Ej integrals in such a way that the Sie of. 


“We can give any ieee: velocity dependence 
> Gi) to the diverging integral of the form ( da 
ae: by transforming the integration variable to y 
oy ; p defined by « = fluyy. We obtaine namely " da, 

4 : = a dis ue oe ee side having "the 


aca ary Condition in the Quantum Hlectrodynamics P3901 eee 
the relativity tibory | is fulfilled, and hence the way 


‘lativistically invariant manner ‘from our theory. — 


- according to (2.18). 


_blem will be now treated by our method. 
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of subtracting these diverging quantity in a re~ 3A 


Fs 


2 \ 3 a , is 
ote ed ie STARE a ae me oe a 
ei aeae re ie rs ky bk bd epae 


‘ore 


In fact, Dirac(2) has shown, by means of his. =, 
limiting process, that the first term in 4mm of (4.21) — 
can be subtracted without destroying the relat- a 
ivistic invariance of the theory. 


2. Radiation field of the electron. 9 — 5 


When we take v equal to the four-velocity of — 7 
the electron itself, our generalized longitudinal field : 
eL(x) can be interpreted as the self-field: attached . 
to the electron in the approximation in which the 5 


quantum fluctuation is neglected. In fact, if we 


ils 


replace YF in (4.1) by v, which corresponds, according 
to Bloch and Nordsieck, (6) to the neglect of the 


quantum fluctuation, we obtain ie Fie _ 
h 65 
[ (e, ~Grad-—L )+me |2 =0, 
i ¢ 


pecans v and B are orthogonal fa ‘each other — 
The fact that the term con- 9 : 
taining 2 disappears in (4.1!) means that our. lon- 
gitudinal field alone is already sufficient to “repre- = 
sent the self-fieid around the electron. ; 

According to Bloch and Nordsieck the Brems-_ j 


strahlung emitted by the electron in a sudden _ ; 
change of its velocity is nothing put the liberation 
of the field which has become surplus — at the 
instance of the collision owing to the difference of 4 
the self-field before and after collision. This: pro 
Let the velocity of the electron before colli-_ a 
We intro: 


duce two schemes of separating the field - into z 


sion v the velocity after collision v/.. 


longitudinal and transverse parts, one referring 
to v and the other to v’. We define thus, pesides z 
K,L,R,S and their conjugates K+. L*, R*,S* 
defined by means of (Table 1), dashed quantities . 
K’, L', R!, S! and their conjugates K’*, L’+, R/*, uA 


’ Sf+ using dashed vectors !/,r’ and s/ which refer eg 


to the velocity v’; especially J’ is defined by’ ea 


k-+Qo'(k, v/) ils ee 
fh= ce Ok; of . ; (4.26) 


As one. can easily verify, there exist, then, bet- 
ween undashed and dashed quantities the following 


relations : 


202 Saito HAYAKAWA, 


K! = K+(, + +rR*++2S*) 


Li = L—(U, iK+—rR—sS 
eet: (4.27) 
Ri = (/,—lLk+ +rR+s8S) 
S! = (s',-lK*++rR+s8S) 
and : 
K’+ = K+ 
L/+ L+ 
(4.28) 


R/+ = (r/,1L++rRt+sS+) * 
S/+ = (s/, IL++rR+-+-sS+). 
According to our above ascertainment, that 


part of the field which is not bound to the electron 
after collision is described by the-quantities R’, S’ 


and their conjugates R’+ and S’+, so that the ope- 


rators representing the number of free photons 


after the collision is 


2 
(pei 1+ RI 
fo heh 


We 


& 


(4.29) 
= =H. SIS! : —. 


The number of photons liberated with. the pro- 


~ _pagation vector k lying in the region dit is then 


given by 


Nak eee me RESTS, 
which, on account of (4.27) and aay gives rise 


Ser, DG! DK bi 

—{(r', I (7, rR*K* +85" K*) 
+(a!, 1) (s', rR* K* + 8S* K*)} 
+(r, #Rt 40S") G,7R 18S) 
+ (67, +R eS"), RES) dle. 


Since there are no free photons before the 


‘collision we have to put in (430) Ri} R=S'S=0. . 


Further, the mean values of the cross terms, such 
as R+ K* and S*K*, vanish. The term K*L', on 
the other hand, has to be substituded by —{//*/4 


- on accont of the auxiliary conditions (3.1). In this 
way wo obtain 


Ned = —*—{(+/, I-40", {| Pak 
Ohek ST NUS 


= e / 2 liaf 2 Fs 
= exhek 1? +(s', l*}dk, 


which, introducing (2.16) and noticing (r’, k) = (s’, k) 
= 0, reduces into 


Yonezi MryAMoTo and Sin-itiro TOMONAGA. 


(4.30) 


: “(val 2 | 
eae ae Pe sn ee 
aes an (eS) + (Ea) } (at) 


The fobmula (4.81) can be brought into the 
more familiar form. First we observe that 


(r’,v) _ (F/,v) (7, v’) 

(k,v) (kv) (hk, 0”) 
(4.32)° 

(s’,v) _ (s',0) (s/, 0’) 

(k.v) (kv) (&, 0’) 


because of (2.18). Then we express r’ and s/ in 
(4.32) in terms of the three dimensional polariza- 
tion vector 7, and 7s according to (2.19): 


> Bee > 
y= pte tH") 
(4.38) 


oe 


> ;—> > 
s! = —(ns/+8/k).. 
k 
This results in 


> > 
Lor, 2 u’) 


(0) (r,/0") Bere Goes) 
Kk 


Se ae ne Cee en been re cna Soe NAN erty 5 Mena AAS 


Ck, v) . (k, v’) hk ES k, of pay AL 
( u)— (ke Se (4.34) 
As’, v) (8,0) 1 poe ui) (ae ail W). 
(hk, x) (R, 2) ke (i, is) ae tk, x) Ls as 
which give rise to 
ray a Gy as Gat a) x 
Ne Felten SSE SAMA Be , 
ere eA ke et k= (he; we 


or carrying out the summation over ¢, — 


2 


€ 


N= 


16x heks 3 
* a 
t* Uw 2 Ue Ue! 

x i (——--+~——_} — siercee 
(Gr ica) ( 1-—%y are ; 
e? ; . 
* ‘1625 hek 

> > - e — 


ge yee 

«{ (air) Ga 
where ut, ux’ are the component of i, ul along 
k. One sees that our result (4.85) does really agree 
with the results of Bloch and Nordsieck and of 
Nordsieck ((81) of Bloch and Nordsieck and (2) 
of Nordsieck). ‘ 
It is easy to verify that the same ae ial 
obtained by means of the above mentioned picture y 
of the phenomena. According to this the field ra-_ 
diated in the eolision is the difference between the 


Our result differs from Bloch’s by thie. a: 
4x. This is due to the difference of the elec- | 
ation, edie unit aed in Begs two Pio . 


ve hes 
pen : wet 


Se Anat) = ives ey 


Fj 


. z > > 
Araa(k) = At raa(k) 


2 y eee: 6 = 
Se 
2 empel 


: The spectrum of the radiated energy is then given 


Eraaldl a 24a Avaa(k) ake 


a 


% Pri ae ae iS E oe <a} 


x Chee i isa es ; aon 5 


x Yelocities: 


oa sf > 


é se? us ¢ Uu er ,2 F 
~-16x5 ra bea Ly! ) ; 


l-uy = 1—u'/ 


woe " Weizsicker and Williams) who have dealt 
with the Bremsstrahlung of high speed electron 
on colliding with an atom can be meng enves for 


e. 


# 
*\/ 


_ also from the stand-point of the above mentioned 


picture. _ Following these authors we observe the 


"phenomena in the coordinate system in which the 


f 


ge electron is at rest before the collision. . Let the 


eee oF the nucleus observed in this ee be 


4 he Avr ary Cor dition. in the he Quaninn i a en Noe : SS ge ae 


cake ne. 2) e-i(k,) ye <= (4.86) 


' (4.87) of the nucleus and in the direction “a 


_ we have 


6 and g fare the polar angle and the azimuth. at 
aatl— Idk : “ (4,88). 


_ «Using here (2. 16) and (4.26), the spectrum ee 


is zero. 


See or, expressed ‘in terms of the three-dimensional 


Sea 439), 


‘by the lower limit of p is A, = hime, and the upper 


+. 


“Zep 


E(t) = - (p?+ eke V7 82 by 


a (4.40) Z 


~ 


where ©Z is the charge of the nucleus, € is defined — | 


by §=1/VY1{—V?. The velocity of the electron ae 
RF 


after the collision is then given by Nocney oo 
= ’ ; x es: 
ae = ( B@at eee. 
oie Ws ee a 
1b 2e?Z aa ieee 
“aene¥e, “is am 


Since this velocity is perpendicular to the velocity = 


uy’ = u’ sin 6.cos 3 (P- %)s 2 6 42), 


of i, and I the azimuth of the electron with, res- “ s 
pect to Vv. : 2 

We bring now this wu! into our - fonaale Lt. 85), 3 
noticing that 2, the velocity before the collision 


We notice further that only such collision 3 
contributes mainly to the collision cross- section’ in’ 
which the velocity after collision is small compared’ = : 
‘with the light velocity. Thus we may pels eo ie ® 


~~ Ant “6nhe mc? V2? 


= 1 in (4.35). Ree Ss 
Np, %0; k,9,¢)dksinddidp =. _— | 
2 46872 ae 5 e ft eB ph 


® {1 - sin? 0 cos? (¢ - ogy ae sin 0 d0 do. (4,48) “a 


The total mean number of the emitted photons — 
can be obtained by multiplying (4.48) with pdpdgy, S 
with the probability for that the impact: parameter 

and the azimuth lie in the interval (p, p+dp; Po» %o 2 
+dg,), and then integrating over p and % . There- es ie 
limit is a,Z-1, the screening radius of the atom. ‘ - 

We obtain thus 


Nik, 6, 9) dk sin @ dé de | 


1 22" e2 yu et Z e 


~ 64x he \ me?) V? log 1 Zs 


“+ X(1+cos’6)- o sin 6dedo » (4.44) 


' = - * 
Integrated over all direction of k, this gives 


f 


1 oy ee oe ts 
= ge} na) we 


‘his ‘renal can be now ‘compared with ena re- 


: yf £ Weizsacker : : 
2 4 2 Oe dk 
) fg @-o+" ee i zi8 i 
. se AG 


as < S af 
zsicker’s (36) the factor 6x8 does not ap- 
a Ls due to the difference of the electro- 


hats ‘the difference between 3/4 and 


«? ig not significant over all values of 


: “zero and unity, we can conclude that 


> ie og '¢ 
‘ 


Koba who has given various 1s contributions in 
parts of this work? Shee 
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Introduction. 


of the chemical composition of. 


aitictephoree closely related to the knowledge > 
‘relative abundance of elements in stellar 


eres is very interesting ; ; even in the pro- 


self, we find many sy ad facts such | 


which stars. are classified into . Secale stars, 


ee a ete. pately from the pote op 


: Bae 


ae we can find the ‘ 


for the calibration. ‘The advantage i in using supers 
“multiplets lies in the fact that a larger number 


of lines are connected by a single set of +theoretica’ 
relations and less weight is lost in the determina- 
“tion of zero points. In Table I are listed the 
multiplet triads which have been used in such 


calibration.4) 


Table I. 


‘Triad Table- 


; oe gi F-23D Sie =e 
Sooo eee Be a eet shee a he 


80 ‘P)4s- 3030 F)4 a’F-aD®~| 3d3(¢P)4s-3a3(¢P)4¢ @P-y ‘s° 
Hi )4 . ) os rare ‘p cree 

oe : es = ak-ysG° Sees 

reer - Hui rpg ok eee SSS 

7 UiNeadoaad Soe Ses a? Hx H® : eee 
i Se aes Se a rag Cag : 5 


| | sa-3aCR\4p  . 8G  | | ne 
eo ‘: : = cole as eet w?G-z2G@ 


* 


“| VI | 8d24s?-8d84s(5F)4p a'F-2'D® | 8deD)4s-3d48D)4p — a®D-25P® | 
‘In iy a cae ae . ati -a'D-ysD® | 
Bea eee SS a‘ F—2*G° a DY BP 


ly IT 4 3d!-3d5(\F)4p - BG-23F" ee : . Toe 
rs eto al igor oc Riese : - BG-23G hes a 


| Grr | 8dtaS--3a'4s@D)4p a D-y P* 
‘i sl nite aS D-z5D9 
ao D-2F* 


| 8a°D)4e-3d'CD)4p a D-y'P? 
Spee ee et DP ere 
a! D-zik® 


ap 49-36 “OP 4p sP-25S9 | 3d F')4s-8d'(tP)4p Ch D. 
I BaP) 8 3a" )4p Pas P? CF} MP aiF-y Ta 
Betas Weis iy ees a’ P-w*D® ae ee 


 Bd°@G)4s-Bd'CG)4p -DIG-aA 
aes i Wipes Geert Be BG-y>G? : : Fe oe 
Be eerie rs ees BGR ts Penne | ee 


‘and 0Cep.9) In the first three Stars, the e re 2 


_ were “analysed = the | eahialont 


j le | the ethos. were measured by. eye ee 


, Fig. 1. se 
_ timation inteasities being known, we reduce them 
5 ; < s wea, 


deencie. a the diagrams for cane te: Itiplet 2 
set are displaced horizontally (keeping logA aoe 
with respect to each other in order to obtain the 
; best possible superposition. Finally, by adding the 
= Lo NES results of isolated multiplet, a general curve con- ; 
necting the calculated with the observed intensities 


A, ie yy) 
1 
Pilea 


} ; 
log 0g + aloe ae T a 4B is established. To fix the zero poe on the ho- a 


= log] = logNFf-+ cénst, (2) ce seale the relation 


Ate — 510° x NEF = 1.8x10- “NEY, om 
a.’ . 1 
where 4, = 4500 Be pias assumed to hold for ‘faint 
lines whose profiles are defined solely on Doppler _ 
e extitaliog potentials of the upper and motion. The curves of growth obtained in such a 
perch respectively, k the Boltzmann ~ manner are shown in Fig. 2~Fig. 6. 


sed to 0 caleulate the observed emission in- 
ities & A ape of the hat of. the theo- | 


: ep +O ° ee \ 


a? Mi: ! 4 oe 3 mm rt 
— AG MB 159 152 154 156 158 160 2 14 166 68 170 Ue 178 8 76 
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iad y j ww 43 bee , 
| _MUABUSRT HT ETERS EV ESIRT BSTBSTATROTET y 
re ae : Z 09 


| ee 


5 Figse 6. 


4 Number of ‘Atonus: 


"The construction of the intensity calibration is 


é independent of any theory relating to the forma- 


tion of stellar ‘absorption lines, with the exception 
of the aid rendered in locating the zero point on 
" the horizontal axis. The empirical relation between 
the observed and the theoretical intensities, with 
the help of the ionization theory, should, to the first 
e approximation, lead to a comparative census of the 
_ elements. It must be notisfied that the following 
. _ assumptions are made: (1) Interlocking: and re- 
‘distribution. in frequency when the energy-levels 

= are not sharp may be neglected ; (2) collision pro- 
“cesses do not play a vital role in the formation of 
4 the absorption lines, except for their possible effect: 
--on the damping constant ; (8) the vertical distribu- 


- @ X xX “Bh 


tion of the neutral and the ee atoms is the \ 


a a 


sel er aot i WM ene me me ere IBN Are Ta 
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emical Composition of Some Late Type Stare = 
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Fig. Chae ee 


a mean electron’ pressure equal to exactly half the: 
pressure on its base* (5) the atmosphere i is situated 
above an opaque photosphere corresponding to the 


- optical depth vere such that the observed lines” 


approximate those of the model atmosphere, which 
is assumed to be transparent to its own radiation, 
except in these lines. To find the number of 

neutral atoms N, (or ionized atoms N,) in the . 
normal state, we employ the Boltzmann equation — 


N=N res oh aeaae 
or . 


log WL tog 8 = lee Nee PE = logD, 6 


where NF is the number of Fain acuvely 


engaged in the production of the lines, Ff the 


subdivided oscillator strengths of the component 


line of the multiplet, g the weight of the state, B 


the partition function computed for the assumed 
temperature, H the excitation potential correspond- 


to he lower state,” and v= 113600, For oes a 


tate: and. the slope. ‘the inverse “absolute 


ture of se reversing layer. The resource 


ation for the Soiniposition of the solar atmos- 
ae: oscillator strengths are not known 


total intensity for all the lines in the” 


. originating from the given level. In a 
stances, where log Mcomp is not given in 
list, it is possible to determine it in a si- 


Moy Pe 2.74-—log M4. Jog-7* 0,95 1 
Se Patt Ni B, : ; Wis 


ean obtain the numerical value of P cor. 
nang. to each element in a star by adopting ; 
: th nean ae of P, we si nbs adjust the 


by volume (unit : 1) and a, the ionized 
Now consider a molecule ‘AB which consists 
element A and element B, we take the for 


of dissociative equilibrium. 


Kaz = PaPalPap 


log K = log Na-+log Na 


in "the: following table. 


t 


aS Table IT. Relative Abundance of Elements. 


Z And - 


: Adopting log Nrio = 13.00, we ‘faye log No = 23.79. as 


Abundance 

dee 86 
RO eae TS 

Ni ~ 0.26 
Fe 0.0010 
Mg 0.0005 
Cr ~ 0.0002. 
Tt 0-00001 


oe toe Ny Tio = 16. 00, we ave log No = 26. 63. ‘}Mean : 

95. 30 Adopting log Nz-o = 15. 00, we have log No = 26.91. “ 
= 23.32 Adopting log Ncw = 15.00, we have log-Ng = 22.75. 
22. 62. conte, log Nees = “15. 00, _we have: log, Nw = 19-90. 


iMoundancé 
9 | 
ae 
0.082 
0.0086 
0-0075 
~. 0.0009 
~ 0.0004 
0.00004, 
~~ 0.00002 
0.00001 


i 


aa 


npc Sy 


Adopting log New = 15.00, we have log Nc = 22. 08. (Case I) — 
Adopting log Nc; = 15.00, we have log Nc = "25.05. (Case 139 ee 
27.35 Adopting log Ncn = 16. 00 and assuming log Nc = ‘22. 08, 
24.32 we have log Nw = oe ’(Case 1) 
23.20 Adopting log Non = 15.00 and assuming log No = 25.05, 
23.18 we have log Nie = ai 46. os i) 


| 22.56 Abundance 


~R CBor Eek ae . 8 Cep 


Adopting log Wes = 16.00, ; Adopting log New = = 17. 00, 

we have log Nw = 21.63. | _ log N. we have log Nc = 23,20. ; 
Adopting log Ncw = 17.00 Pas 
[9a ; H 24.80 and assuming log Nc = 23.20, | 
ap el Abundance Tie tie cal ate 21.15 _ We have log Nw = 23.46. he 


we take log N = 18.00 as the number show- the great abundance of sachies in RC. Bea 
the ‘observable | limit in Z And, we have is called a carbon star. Our calculation ‘also 
ively large abinaanee of oxygen, and in ___ its special characteristics. It is “also re 
taking the limiting value log N = 15.00, we that nitrogen is, abundant in dCep. | W 
very large abundance of the same element.' take the abundance ratio of hydroge 
ye may surely call this an oxygen star. If 

hese stars, TiO and other molecules contain | 
Q “oxygen are observed and their intensities can 

n easured quantitatively, we shall be able ope 
mine the abundance of oxygen and clarify ; This fact is é not in cone 


the uncertainty of these points. Berman has shown _ the roIniae: abut dance of h 
re i e 


call lic ones, is 8000 to 1 as was ‘shown by 


Strémgren. ‘It may have some meaning on the 


evolution of stars. It is also ‘confirmed that hy- 


drogen is not always the most abundant element 
in the stellar atmospheres. Sy . 
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Experimental Studies on the Electric Conduction and Heat Pee 


Capacity of Cuprous Sulfide Semiconductors. a aie as 


fe tr ia , By Hiji, HIRAHARA. 
Hiroshima Municipal Higher Technical School. 
(Received August 25, 1947) a atone 


- The electrical conduction and heat capacity of 
-euprous sulfide have been observed experimentally 
by several workers() Within a rather limited range 


‘of temperature. Ries therefore, have made a 


BE thorough observation of the electrical conduction. 


“and heat. capacity of the mentioned ‘sulfide in a 
£ vider temperature range in order to clarify the 


characteristic properties of the mentioned semi- ~ 


conductors. 
Specimens are prepared through heating at 
600°C ina electric furnace, a vacuum Pyrex tube 
oe contains a stoichiometric quantity of sul- 
~ phur powder and copper metal. 
The measurement of ionie ‘conductivity has been 
2 - performed from room temperature to 600°C by the 
similar method to C. Tubandt’s(®). 
“obtained are as follows: 
4 -eurrent is observed at all, but near 150°C it does 
; a appear to a measurable amount and increases ex- 


apc. + 


Short Note 


_to be eopper-ions only. 


The results ~ 
below 100°C no ionic 


ponentially with temperature until 440°C, ane ae J 
begins to decrease rather snd until 500° °C 


the charge-carriers are experimentally confirmed. # 


Table. Ionic Current per Electronic Current. , : 
| 160° | 200° | 300° | 400° 500° [500 & 
Dida” tb 0.08 pat] 0.61) 1270.07) 0.05 


The temperature-dependenay of the total 
current (ionic and electronic current) was ‘measured 
from room temperature to 600°C. Theresults were : 
described graphically in Fig. 1. It may be con- 
sidered approximately to consist of three: straight 
lines with kinks at 120°C and 440° respectively. 


It should be remarked that at 440°C the total con- 


Fig. 8. Crystal Structnre 


Numbers within the atomic circles indicate 
distances of these atoms below the plain of — 
projection (in fraction of the length of the 
cube edge.). Large circles: S-atoms, Small 

circles: Cu-atoms. / 7H ae 


os 1.34 . 
ietetore ze + X10 


Fig. 1. Total Conductivity. 


arbitary Scales 


Ps 


. —o+ Temperature incrasing Curve (endothermic) 
—2~ Temperature'decreasing Curve (exothermic) == 


~ 


Fig. 2. Anomalous Heat Capacity. 2 


“to ‘show eather Aas and smooth Reiaeiole. 

4 sit ‘The measurement of the heat capacity was per- 
5a tformed: from room temperature to 600°C by the 
differential method with a standard body of copper. 
‘The. results obtained show two sharp peaks at ae Cc 
; Bet and at 480° G respectively. 


__ ly from the viewpoint of modern theory of solid as 
_ follows. The physical properties of cuprous sulfide 
have at least two anomalies at 120°C and at 440°C 
S respectively in view of our observation of electric- 
al ‘conduction and anomalous heat capacity. The 
anomaly at 120°C may be considered to be due to 
. the change - of crystal-structure from rhombic 
(below 120°C) to cubic (above 120°C) in accordance 
with P. Rahlfs’®) Zerystal-analysis by X-rays. 


the anomaly at 440°C is obtained successfully as 
‘yet, a plausible one may be shown as follows. 
i Below 440° °C the arrangement of sulphur atoms 
will be disordered among lattice sites (mixture type 
of Fig. 8, A and B) and become ordered above 
; 440°C (single type of A or B). 


os arrangement of ions makes the change of positions 


Since the disordered 


of current-carrier much feasible, as seen from the 
- energetic consideration, the ionic current will easi- 
. ly be observed: pelow 440°C. 
ae, angement of ions, however, it ‘will disappear owing 
to the remarkable decrease of the mobility of the 


In the ordered arr~ 


"ed ions (above 440°C). On the other hand, the 


' The above results shall be discussed qualitative. 


_ ordering of sulphur ions within cuprous sulfide 


_ within cuprous sulfide at high temperature. 


Although no definite interpretation concerning the _ 


- Okada (Kyushu Univ.) for their experimental z 


_ eurrent-carrier in the stable arrangement of order- . 


abrupt increase of electronic current may be under- © 


218 


stood a be ascribed to the considerable sinctease =. 


of the mean free path of electrons in the ordered 


arrangement of ions above 440°C. The anomalous 


heat capacity was found to have a large peak at — 
120°C and a small peak at 440°C, because the = 
former will be associated with the change “ofa. : 
erystal-structure and the latter with the change 3 
of ordering of sulphur ions among the crystal sites. — 
It should be noted that the appearance of the 


above 440°C.will be consistent with the well-known 
fact that the stable equilibrium may be realized ge 


The detaled acconnt of this short note shall be 
described in ‘‘ Bussei-Ron Kenkyu”, 7, 1947. : 
The author wishes to express his hearty thanks 
to Prof..T. Muto. (Tokyo Univ.) for his kind guid- 
ance throughout this work and also to Prof. T. oe 
Fujiwara (Hiroshima Univ.) and Asst. Prof: ie 
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